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SOIL-CORROSION STUDIES, 1941: FERROUS AND NON- 
FERROUS CORROSION-RESISTANT MATERIALS AND 
NONBITUMINOUS COATINGS 


By Kirk H. Logan and Melvin Romanoff 


ABSTRACT 


The soil-corrosion investigation started in 1922 was intended to yield informa- 
tion on the corrosiveness of typical soils throughout the United States. The 
investigation of special materials and coatings begun 10 years later was intended 
primarily to assist manufacturers in the development of materials suitable for 
use in corrosive soils. 

No attempt to secure specimens such that systematic data on the effect 
of individual alloying elements could be obtained was made but, manufac- 
turers were invited to submit materials on which they desired information. 
Furthermore, the specimens were buried under simulated practical conditions, so 
that accurate technical control was not feasible. Also, since very few specimens 
of each type were included, dispersion of the data resulting from the general 
conditions of the tests makes it impossible to draw very definite conclusions with 
regard to the comparative merits of the several materials investigated. Neverthe- 
less, the data give a general indication of what may be expected of a considerable 
variety of alloys when exposed to severe soil conditions. The addition of very 
small percentages of alloying elements does not have a marked effect on the rate 
of corrosion, but rather large percentages are apt to bring about a considerable 
improvement in corrosion resistance. 

Steels high in nickel and chromium, and copper alloys high in copper are very 
resistant to nearly all soil conditions. Lead corrodes only slightly when a coating 
of an insoluble lead salt is deposited on the lead. 

Bursting and crushing tests indicate that asbestos-cement pipe gained some- 
what in strength from exposure to the soil for 4 years. 

A 3-ounce coating of zine adds about 3 years to the life of steel exposed to 
some of the most corrosive soils in the test sites. Lead coatings appear to be 
inadequate for severe soil conditions. 

Several thick experimental coatings prevented practically all corrosion at most 
of the test sites for 9 years. Air-dried Bakelite coatings blistered within 4 years, 
but a baked-on Bakelite coating showed no change in appearance after 4 years 
except for a few blisters. Pitting occurred under some of these blisters. Most 
thin coatings blistered, became brittle, and within 4 years permitted rusting and 
pitting of the metal to which they were applied. 
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I. INTRODUCTION 


The studies of the effects of soils on materials used for underground 
pipes which the Bureau began in 1922, indicated that at least for the 
periods of exposure covered by the investigation, the maximum pene- 
tration of the materials by corrosion was approximately the same for 
the different commonly used ferrous materials [1].!_ Some ferrous 
alloys and some nonferrous alloys and metals appeared to be more 
resistant to the corrosive action of soils [2]. The investigation indi- 
cated also that rapid corrosion of the commonly used ferrous materials 
occurred under several soil conditions, and the conclusion [3] was 
reached that with respect to these materials the seriousness of the 
corrosion was largely controlled by the soil conditions to which the 
materials were exposed and nearly independent of the way in which 
the materials were made. It was shown that under most soil condi- 
tions the rate of maximum penetration of the metal decreased as the 
period of exposure increased [4]. The change in rate was attributed 
to changes in aeration and moisture as the soil in the trench settled, 
to a possible depletion of the corrosive elements in the soil adjacent 
to the specimens, and to the protective effect of the corrosion products. 

Concurrent studies of bituminous protective coatings [5, 6, 7] indi- 
cated that this means of preventing corrosion was not entirely satis- 
factory partly because of the characteristics of the materials used 
and because of the difficulty of maintaining a complete and uninjured 
coating under the conditions to which it was usually subjected while 
the pipe line was being laid. 

The original investigation [8] was, for the most part, limited to 
commonly used pipe materials and was intended to give comprehet- 
sive results on their reactions to typical soils throughout the United 
States. The results of this investigation stimulated an increased 
interest in the problem of discovering more effective ways of con- 
bating the destructive action of severely corrosive soils. A new 
investigation was undertaken in 1932 to study the effectiveness of 


1 Figures in brackets indicate the literature references at end of this paper. 
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corrosion-resisting pipe materials and the application of improved 
protective coatings. Fifteen different soils, most of which were 
known to be corrosive with respect to the commonly used irons and 
steels, were selected, and manufacturers were invited to submit 
specimens of materials which they believed or hoped would be resistant 
to the chosen soil conditions. 

Since no attempt was made to secure specimens such that sys- 
tematic data on the effect of individual alloying elements or their 
amounts could be obtained, the samples submitted differed in so 
many ways that in many cases it is impossible to explain observed 
differences in behavior. The mill scale was left on some of the 
materials because this condition represented the way the materials 
were normally used. Other materials were free from scale. There 
is some evidence that the mill scale affected the depth and distribution 
of the pits. In most cases the materials differed in more than one 
alloying element. In one case several materials differing in compo- 
sition, and hence in electrical potential, were connected together to 
represent a common field condition. Some of the alloys and coatings 
were experimental. Others are at this time too expensive for ordi- 
nary underground use. Some commonly used pipe materials were 
buried as controls. 

The above explanation should indicate to the reader that the term 
“corrosion resistant’? may be inaccurate with respect to some of the 
materials reported on, and that the results of the tests do not repre- 
sent the corrosiveness of soils in general. 

It will be shown that some materials which corrode rapidly under 
some soil conditions are quite resistant to other corrosive soils. 

Why pipes corrode when buried and why they corrode more in 
some soils than in others has not been fully determined. . The com- 
monly assigned cause of underground corrosion is a difference of 
potential between various points on the surface of the material. 
This difference may arise from lack of homogeneity of the metal, 
that is, the presence of mill scale, segregations, or the exposure of two 
different components of the materials, or from differences in the soil 
in contact with the material at different places. Soil solutions are 
usually too weak to account directly for the corrosion observed 
under most soil conditions. However, the electrical conductivity of 
the soils containing considerable quantities of soluble salts is an 
important factor in corrosion. Soil bacteria [9] have been shown to 
be a direct or indirect cause of corrosion in some soils. 

The potential differences referred to are such that many investi- 
gators of corrosion have devoted most of their efforts to discovering 
why corrosion is not more serious. Their explanations [10, 11, 12, 13] 
deal largely with the character and distribution of corrosion products 
and with polarization resulting from the flow of corrosion currents. 
_ The results of the corrosion tests reported in this paper should be 
interpreted with care because the conditions to which the specimens 
Were exposed cannot be identical with those to which pipes of the 
materials tested may be subjected, because other conditions affecting 
the pipe may au or increase the rate of corrosion, and because a 
pit of any chosen depth is more likely to be found on a large area (as 
that of a long pipe) than on a small one of the same material exposed 
to similar conditions. 
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The life of a pipe [14] can be estimated only indirectly and very 
roughly from the data to be presented, and that estimate will represent 
only the average life of a large number of pipes. The life of any in. 
dividual pipe may be quite different from the average, just as the life 
of a person may be quite different from that of the average individual 
as given in life-expectancy tables. Lack of exact reproducibility js 
characteristic of underground corrosion, especially with respect to pit 
depths, and in the discussion of the data presented in this paper atten. 
tion will be called to instances in which the total pit depth for the 
period under discussion is less than the corresponding pit depth for g 
shorter period of exposure under nominally the same conditions. Final 
conclusions as to the corrodibility of the materials should therefore 
be withheld until all the specimens have been removed, which may 
be several years after the close of the present war. Nevertheless, the 
data are of considerable interest and value in that they indicate 
roughly the probable relative merits of several materials under several 
soil conditions and show the effects of the addition of alloying elements 
and suggest possibly helpful changes in the composition of pipe 
materials. 

Conclusions based on the data on protective coatings should be 
drawn with even greater caution, since these coatings were applied 
under laboratory conditions that were probably much more favor. 
able to good application than under commercial conditions, and be- 
cause the coated specimens were handled with much greater care than 
it is practical to use with coated pipes. It is much easier to produce 
a perfect coating on a short piece of small-diameter pipe than ona 
long length of large-diameter pipe, and a coated-pipe line is subjected 
to destructive conditions not encountered by a small coated specimen. 
However, the data are of value for comparative purposes and indicate 
that considerable progress has been made in the art of pipe-line 
protection. 

Perhaps a word of caution should be added regarding the use of 
averages with respect to underground corrosion. When a number of 
observations of the same thing are made, the results will not be iden- 
tical because of imperfections in the methods and apparatus used. 
They should, however, be nearly alike, and an average of the results 
affords the best information concerning the measurements. Hovw- 
ever, when different things are measured, such as pit depths on the 
same materials in different soils, the average of the results yields little 
information as to what may be expected under any specific condition. 
For this reason such statements as the average life of pipe in the 
United States are of little value except from a statistical standpoint. 
For specific information, the performance of the material under con- 
sideration with respect to the soil conditions to be encountered must 
be known. Often these data are not available. In such cases anal- 
ogous data may be considered, but it is seldom wise to use averages 
Mf data all of which were not obtained under the same conditions. 

This report presents data on ferrous and nonferrous pipe materials 
and on nonbituminous pipe coatings removed in 1941 after exposures 
of approximately 2, 4, and 9 years. Other specimens of all but the 
2-year-old materials have been removed and reported on in earliet 
publications [1, 2, 3, 15, 16, 17], and still others will be removed 0 
the future. 
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II. PROPERTIES OF THE SOILS AT THE TEST SITES 


As the character of the soil is the controlling factor in underground 
corrosion, information as to the characteristics of the soils at the test 
sites is essential to an understanding of the report. Most of this 
section of the paper is a reproduction of a similar section in Research 
Paper RP1460 [2]. Since that paper was written, it has been found 
that the pH values of certain soils when in their undisturbed condition 


‘are not the same as those of samples of the same soils after they have 


been aerated for some time [18]. The pH values given in table 1 
were determined after the samples had been dried and pulverized, 
which is standard practice in the determination of the pH values of 
soils. When conditions permit, the pH values of all soils in the 
Bureau of Standards soil-corrosion investigations will be redetermined 
using soil in its natural condition. It is probable that this will 
ome | in some changes in the reported values for certain of the poorly 
aerated soils, since it has been found that aeration of these soils tends 
to lower their pH values. Attention is also called to the fact that 
the different soil horizons, or layers, sometimes differ widely in their 
physical and chemical properties, and hence in their corrosiveness. 
It follows that the data in this report are strictly applicable only to 
pipes buried in the soil horizons to which the specimens were exposed. 
In some soils, such as Rifle peat (soil 60), the peaty B horizon is under- 
lain by a layer of clay at a depth of from 20 to 30 inches, and the two 
layers differ greatly in corrosiveness. Frequently large-diameter 
pipes are exposed to two soil horizons, and it seems probable that 
corrosion is accelerated because of a difference of potential between 
these horizons. Corrosion of large-diameter pipes may also be accel- 
erated by differences in the aeration of the bottom and top of the 
pipe. It has been noted that the maximum pits frequently occur 
near the bottom of the pipe, where the aeration is poorest. 

The nature of the soils at the test sites is indicated by the physical 
and chemical properties shown in table 1. The texture of the soils 
and their retentiveness of water is indicated relatively by values for 
the moisture equivalent, the quantity of water retained by a pre- 
viously saturated soil against a centrifugal force of 1,000 times gravity. 
Since the true specific gravity of the mineral portion of soils varies 
within narrow limits, the apparent specific gravity, except in the case 
of organic soils, can be taken as a measure of their compactness and 
hence as a relative measure of their porosity. A soil having a ver 
high moisture equivalent and a high apparent specific gravity, suc 
as Acadia clay (soil 51), may be considered to be very fine in texture, 
highly retentive of water, very dense, and impermeable to the flow 
of air and water; this is confirmed by the aeration or drainage of the 
soil, which is poor. On the other hand, the fairly large value for the 
moisture equivalent (32 percent) of Hagerstown loam (soil 55), indi- 
cates this soil to be fairly heavy in texture and retentive of water. 
However, it is also very porous and well aerated, as indicated by the 
low value of its apparent specific gravity, 1.49, : 

Consideration of the chemical properties given in table 1 shows that 
the test sites represent a wide range of soil conditions. The range in 
PH is from 2.6 to 9.4, approximately the extreme limits shown by 
soils. The resistivity ranges from 62 to approximately 18,000 ohm-cm, 
corresponding to the concentration of sea water, on the one hand, to 
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the concentration of salts in a highly weathered soil, on the other. 
The soluble material in Rifle peat (soil 60), consists almost exclu- 
sively of sulfates. This soil is extremely acid, so much so that the 
soil actually contains sulfuric acid. In Docas clay (soil 64) the soluble 
material is almot entirely sodium chloride. 

The names of the soils given in table 1 were assigned by the Soil 
Survey of the Bureau of Plant Industry of the United States Depart- 
ment of Agriculture. That part of the name which describes the 
texture of the soil refers to the texture of the uppermost, or A, horizon. 
As the specimens were buried at depths from 18 inches to 4 feet, they 
usually lie in the B or C horizon. As these horizons are frequently 
heavier in texture than the A horizon, the aeration of the soil in which 
the specimen lies may be poorer than is suggested by the soil types. 


III. FERROUS MATERIALS 


1. CAST MATERIALS 
(a) DIMENSIONS AND COMPOSITION 


Table 2 shows the composition and dimensions of the cast mate- 
rials. The materials CB and CC were parts of a composite specimen 
consisting of a piece of deLavaud cast iron bolted to a piece of char- 
- CE ‘en by means of a charcoal cast-iron bolt (CD) and a steel 
bolt (CE). 


TABLE 2.—Dimensions and composition of cast materials 












































Nominal F 
Identifi- | Year ; Thick- 
Material P Form | width or} Length = 
cation | buried diameter ness 
in in. in. 
OID S iia CB 1939 | Plate___ 3.5 12 0. 375 
mekavend 8 3:enet MOM in. ose dsiocwecsdes CC 1089 |...do..... 3.5 12 . 50 
ee aE Ee G 1932 i. 1. 25 13.5 . 250 
Sand-coated cast iron. ....................-- F 1962 |...d0..... 1. 25 13.5 . 250 
Lowelloy Geet $00. «oo 5. kc ccnee doe ceckn I 1S it 06... 2: 1. 25 12 . 350 
SATE RIES r ere oe | eee J 108 ok. ae 1. 25 12 . 350 
ETT E EEREEE SNE RS SE HS IES Cc 1932 |_..do____- 1.5 12 . 2 
High-alloy cast iron..........-.......----..- E 188 1:..d0:..... 1.5 10 . 250 
Cc 
Material Si | Mn Ss P Cr Ni | Cu 
Free |Com-| Total 
bined 
% A) % % % % % 
Charcoal ! cast iron 2.40 | 0.95 | 0.95 | 0.065 | 0.17 |--.---}---22-. 1.00 
deLavaud ! cast iron...............|..-..-| 3.70 |-..--- TURD. cae COPED 0 PR! Ieecnedlaacninst-oowas 
Rattled * cast iron 3.58 | 1. .48 | .074 cd, RES Rees ee 
Sgpd-coated cast iron. ,_..._....-.-- 5 Oe: Oe OE) Pe fees. ee 
loy cast iron 2.53 | 1.43 | .28| .077 Teh See? 51 
WRAL SIE: F vee es ae. eee ees eee 62 
FER ROAR 9 3.50 | 2.50] .7 050 | .400| 0.30] 0.15 |_--.-- 
High-alloy cast iron a6 1:518 1 00 |... tc. 2.61 | 15.00 | 6.58 






































' The deLavaud and charcoal cast-iron plates were connected by means of a charcoal cast-iron bolt (CD) 
and a steel bolt (CE). 
; Curved plate cut from 12-in. class 150 Super deLavaud pipe. 

Ordinary iron horizontally cast in green sand molds and rattled to remove sand. 
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(b) SPECIMENS EXPOSED FOR 9 YEARS 


Tables 3 and 4 show the losses of weight and the depths of maximum 
pits for the cast specimens exposed approximately 9 years. The 
maximum pit depth recorded in table 4 is the average of the deepest 
pit on each of the two specimens of 1%-inch pipe about 1 foot long, 
It will be noted that in approximately 10 percent of the cases in 
table 3 and in 30 percent of the cases in table 4, the average loss of 
weight or the average depth of the maximum pits was less for the 
9-year-old specimens than for the corresponding 7-year-old ones, 
In most of these cases the single maximum value was also greater for 
the earlier removals. This lack of reproducibility of the data is char- 
acteristic of underground corrosion and may be attributed to lack of 
homogeneity in the material under test, in the soil, or in the condi- 
tions of the test. In other words, the specimens examined were not 
sufficiently large to constitute adequate or representative samples, 
especially with respect to maximum pit depth. Studies of the rela- 
tion between the maximum pit depth and the magnitude of the area 
from which the maximum pit depth was selected [14] indicate that 
the area would have to be very large before a deeper pit could not be 
expected to occur on a larger area. Because of this characteristic of 
the data on maximum pit depths, comparison of the depths of max- 
imum pits on individual specimens should be made with caution. 


TABLE 3.—Loss of weight of cast-iron pipe exposed for 9 years 


[In ounces per square foot *] 


















































Soil | | Low-alloy 
erence Hori- | 
| | 4 5 
| jrensaty I+J High- 
| Expo- | “cand alloy 
sure | 5 ; 
No.| Type sure | mold, | C E 
ee J | Aver- | Stand- 
age error 
Years | 
$3 | Cecil clay loam. ............... 9. 47 3. 25 2. 76 2. 55 2. 66 0.2 2. 25 | 1,35 
55 | Hagerstown loam________- : 9. 11 8. 55 2.67 | > 2.10 2. 38 -2 2. 04 ¢0,72 
56 | Lake Charies clay - __- 5S 9.42 | 4 D(42)| 37.34 33. 71 35. 52 3.0 | 29.70 14.62 
2 RRS shietinhi 9. 51 20. 08 24.05 27.10 25. 58 1.0 21. 88 ¥. Ht 
59 | Carlisle muck___.--.-- ae. 9.12 |b¢3.60 4.08 | > 2,92 3. 50 0.4} © 2,37 0.66 
60 | Rifle peat............- és 9. 24 20.77 | © 18.15 | ¢ 17.01 17. 58 4.2 | ¢ 13.07 | © 10.00 
61 | Sharkey clay_- ST eee 9. 53 7.08 7. 54 6. 89 7. 22 0.4 7. 21 2.33 
62 | Susquehanna clay Josue 9. 47 8.10 6.61 6. 37 6.49 9 6. 92 2.73 
63 | Tidal marsh. --...-_- ey 9. 55 6.14 | * 9.98 |e 11.40 | 10.69 3.5 2. 56 1,63 
By OS ee 9.21 | D(34) 46. 83 44. 59 45.71 0.8 [of 41.93 12. 8 
65 | Chino silt loam. _- Rett ten & 9. 25 7.62 11.04 10. 28 10. 66 8 14. 61 e 2.55 
66 | Mohave fine gravelly loam___. 9.23 | 63.96 8. 22 12.15 10. 18 1.3 10.74 | °¢3.2 
67 | Cinders... _-- ECS? ee D \861.41+ jeesot- | ih eaeneaee 45.74 | 52.33 








® Each ounce per square foot corresponds to an average penetration of 0.0017 inch. 

b Average loss of weight of 1939 removais is greater. The maximum loss of weight of the individual speci 
mens of the 1939 removals is greater. 

¢ Average loss of weight of 1939 removals is greater. The maximum loss of weight.of the individual sper 
mens of the 1941 removals is greater. 

4 D, both specimens destroyed. The number in parentheses is the approximate loss of weight. 

* Loss of weight of individual specimens differed from each other by more than 50 percent. 

f Data for 1 specimen only. 

e Data for 1 specimen only. The other specimen was destroyed by corrosion. 
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To provide a more reliable basis for comparing materials and soils 
tables 5 to 8 have been prepared. The data for all the periods of 
exposure from 12 soils were used in compiling these tables, soils 5} 
57, and 67 having been excluded on account of insufficient data or the 
destruction of the specimens because of the extreme corrosiveness of 
the soils. In table 5 the average loss of weight for all the materials 
in all the soils was obtained for each period of exposure. This averag: 
was used as a reference for presenting the individual losses for each 
material in each of the soils on a relative percentage basis for that 
particular period. The results for the four periods of exposure wer 
then averaged to form table 6. This permits comparisons of the 
materials in each soil and of the corrosiveness of each soil with respect 
to each material. Tables 7 and 8 were prepared for the maximum 
penetrations in the same way as tables 5 and 6 were prepared for the 
loss of weights. 


TaBLE 5.—Relative loss of weight of cast specimens based upon the average loss of all 
specimens for each period 










































































[In percent] 
2-year exposure ® 5-year exposure > 
Soil No. 
Ges i wg Si C E G I J ty E 
53 83 54 54 68 21 30 25 27 29 Il 
| Sree 47 49 69 60 13 35 22 32 22 Q 
56 167 90 90 127 59 221 142 187 156 (i 
eee 103 82 65 160 15 180 186 171 214 2 
| RSS (ER, te +2 eee Pe: ee 38 34 37 28 
OS 187 174 138 159 74 104 108 107 100 4 
See 19 17 18 22 5 72 93 71 ; 
"REIT 119 116 119 113 29 84 63 68 69 16 
Sioa eerie 67 49 81 55 10 48 42 54 26 8 
BARRE 222 273 281 254 78 326 398 399 466 4 
RT ORS SES 182 211 194 228 27 92 121 138 182 45 
66 106 89 106 146 54 92 81 105 167 45 
Average........_.- 118 109 110 | 127 | 35 110 109 117 128 % 
| 7-year exposure ¢ 9-year exposure 4 
Soil No. 
| @ Be me Be | E G I J Cc E 

| ee eo 
IE VEE aN 29 | 19 20 | 19 8 27 22 21 18 MT 
ee Soe Ae aS ae 35 27 28 23 8 29 22 17 17 6 
nt ack cut toiakes 252 283 260 224 108 343 305 275 242 119 
RESETS eS 217 236 229 206 99 164 196 221 179 §l 
— SEESORE eA 44 34 37 25 7 33 19 54 
— EES 56 83 65 49 15 170 148 139 107 8 
Ws tie cack dolaecnak 52 61 61 57 19 58 62 59 19 
A IES 57 49 55 28 11 66 54 52 57 2 
_ RReeedaiee cee 16 34 24 8 50 82 93 21 13 
PS es 406 451 505 512 66 278 383 364 343 105 
SEE 82 92 103 127 23 62 90 84 119 a 
eco ae REN 64 54 87 69 41 32 67 | 99 88 | a 
Average..........-- 109 119 124 114 34 | 109 122 120 106 7 

| 




















® Average loss=5.66 ounces per square foot. 

> Average loss =6.69 ounces per square foot. 

e Average loss=8.73 ounces per square foot. 

4 Average loss=)2.24 ounces per square foot. 

* See table 2 for the composition of the materials. 
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ils TaBLE 6.—Average of the relative loss of weight of the cast materials for four periods 

of of exposure. 

51, [In percent] 

he came: oe 

of Ge I J Cc E 

als iN | | Aver- 

Soil No. | Rela- | Stand-| Rela- | Stand-| Rela- | Stand-| Rela- | Stand-| Rela- | Stand-| age 

ge tive ard tive ard tive ard tive ard | tive ard 

ch loss | error | loss | error | loss | error | loss | error | loss | error 

lat ripe na 

; PS 42 14 30 ~ 30 9 34 11 13 2 30 

Te ee 36 5 30 6 34 14 30 10 9 2 28 

he oS gee 246 36 205 53 203 42 187 28 89 14 186 

aes 166 24 175 33 172 37 190 11 67 18 154 

ct ens 37 4 34 0 3 24 3 22 16 25 

ree | 31 128 21 112 18 104 22 61 16 107 

n * pees 50 12 56 14 57 15 52 il 18 4 47 

he Be cccos 82 13 70 16 74 15 67 17 20 3 63 
eo rte 45 11 £3 10 66 12 32 7 10 1 41 
ree ae 39 376 38 387 47 394 58 74 12 256 
RS 104 27 128 29 130 24 164 26 29 6 111 

al ER FE 74 16 73 7 99 6 118 22 42 5 81 
Average...| 290) leconscse VAP lesencecs Ei Saaiagnies Lg aarti We te ncechus ee 



































* See table 2 for composition of the materials. 
= > Data for only 3 periods of exposure. 


TaBLE 7.—Relative maximum penetration of cast specimens based upon the average 
maximum penetration of all specimens for each period 










































































¢ [In percent] 

11 ————- 

Q : 

6 2-year exposure * | 5-year exposure > 

° Soil No. 

rt Fo) Chk iow | Cc|E|F | G|/1|v|c|e 

7 aes sennee 

16 

>; | CRE ee 100| 87] 62] 112] 81] 62] 71) 73] 68|/65| 658 52 

q SNS SRNL EES 100} 100} 58] 75] 54] 62] 95] 72] 81] 85] 83 53 

45 7 AIG RE SIS ES 8 | 75| 46| 62) 66| 87| 171 | 157] 141| 184] 145 46 

45 BE. cncaskianas ican eae 71} 54] 85] 58] O61] 163] 150] 258] 154] 157] 179 49 

be PRIETO kG Rome eat sabaspaaiioce st FE: BP SD SOT’ 46 20 

% RR RP 104} 108; 79] 79] 71} 5O|] 86} 98] 72] 82] 104] 115 
ates Siragewerts sage sh 50} 89] 62) 54] 31 75/ 69] 79] 120] 86| 63 56 

= O45 ge dt seins 145 | 133] 207] 141] 166] 89] 95! 137] 102] 115] 109 71 
WRicdesas steak ia eee 79} 50] 41] 106] 21 46} 62] 107} 86] 120] 17 23 
Tae: UMC ASE 272 | 257| 282] 249] 205| 58] 167/| 181] 150] 150] 210 39 

_ | Hea Bee eS 95 | 104] 116| 120] 120] 54] 107| 135] 187] 144] 131 60 
REE RR ais 116 | 124] 118] 112] 141] 54] 102] 114] 86] 101 | 173 52 

~ AWGN). o casapdeetas 111 | 107] 105] 106] 103] 67{ 104{ 122] 105| 107] 107 53 

1! | 

6 

19 7-year exposure ¢ 9-year exposure 4 

: Soil No. 

: F G I * i aR, E F G I J| C/E 

” 

3 EASES FGA WS TARE 103 71 50| 60] 89 51 60 46 47 50 53 26 

5 _ OPER EOE 127 | 127 91 98 96 41 7 99 87 82 27 

! - RISE SS, 252 | 252] 192] 185] 151 53 | 201} 201] 200] 173] 173 47 

” __ SE ae: 201 | 252} 193] 180] 177] 68 | 201] 201] 193] 187] 201 43 

- Wriwecsaeccucastocsde cee 46} 52) 44] 57] 20] 2] 35]. 42] #59] 30] 19 21 

7 acs nancguagahasiedtinnde 85| 26] 81 25 18 22| 131] 140] 112] 104 75 36 
__ SRNR RSS Loni SENS 76| 91 78| 53] 380] 63] 63] 91 64] 96 29 
_, RIE POO ior | 2901 08). 06:1. 88:1...971. 2 65| 73] 51] 64 43 
REIT RE BEET 52} 61] 91| 72] 133] 55] 105) 91] 83| 68] 32 26 
: EIEN PAIN 02 151} 123] 147] 157] 144] 40] 201] 201 | 254] 197] 201 59 

War A a” RAS Saat O> 2 87} 113] 111] 119] 129] 42] 116] 105| 138] 125] 129] 128 

a ET PER PY 123 | 182] 150] 201] 162] 38] 95] 122] 172] 155] 113 32 
She EE A 112] 121] 104] 110] 104] 41] 113] 115] 126] 108] 104 85 









































» Average maximum pit depth =48 mils. 
: Average maximum pit depth=69 mils. 
a Verage maximum pit depth =99 mils. 
: Average maximum pit depth =125 mils. 
See table 2 for composition of the materials. 
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TABLE 8.—- Average of the relative maximum penetration of the cast materials for the 
Jour periods of exposure 


[In percent] 







































































Fa | G | I J Cc E 
! ! ieee 
8 | | 5 S| | S| g | 
S oF = “ = =f | E atl = Ps E | 
Soil No B2|s |es|s |\es| s |#81 5 1881 & a8 5 | 
? ae) 64 eS. SSS es Bee Bee | 
& & o =| & o = & o E & oe E & oe i} é o | 
8/5 |28| & |ee| 8 |2s| b | se] B lee) els 
Sa) y | S38) ot | Sel] ts | eal] os | Sal te | Bal 3] Fe 
= | o = =| S&S j = & (=| = =] Ss S&S i # 
) gs © Ss @ sg C) s a g S | > 
a D & A a=} | a i=} RD m nD 3 n |< 
EES GARG 84 9| 69 9| 587] 15] 7 14| 70 9| 48 7] 67 
RSPR eS 100 11 | 100 10| 79 11 85 5| 83 10| 46 7| ® 
ie el eee 177| 35] 171] 38] 145] 35] 1388| 20] 134] 23] 58] 10) 
"ay il oe 156 | 30] 191] 48] 156] 26] 146] 29) 162] 24] 63| 4] 
SR eae ts at i.) i Ss 6| 49 St ae 21° 2} 4 
RE, PE. 89| 20} 93] 24] 86 O1) yaa. W]e?) 1 es 6 | " 
Bro rast cee 60 5i 7 4| 91 12] 70 61 18} 48] 10| & 
“Sa 105 | 15] 115 13} 119) 30] 98] 19] 106] 21) 60) 12) w 
63 74 TS a “|. 7%]. 13) 8) nl 811.97) 8 7| @ 
64 198 | 26} 190] 29] 208] 35] 188] 23] 212] 32] 49 5} 1% 
SERA ERE 101 8] 114 Si i 31 ig 6 | 127 5 46 7) i 
SRR 109} 6| 136] 14] 132] 23] 142] 23] 147] 14] 44] 5] 
Wm ia —“ a os | “ya | a 103 |_....- 48 | 
| 




















a See table 2 for the composition of the materials. 
b Data for only 3 periods of exposure. 


An analysis of the data in tables 5 and 7 indicates that the high- 
alloy cast iron, /, is definitely superior with respect to loss of weight 
and pitting to the other cast irons in all the soils The data also show 
that, except in a very few cases, there are no real, consistent differences 
in the loss of weight or maximum penetration between any of the plain 
or low-alloy cast irons. It will be noted that for all the periods the 
low-alloy cast iron, C, is consistently better than the other low-alloy 
or plain cast iron in soil 59 with respect to loss of weight and maximum 
penetration; and that plain cast iron, G, is consistently better than 
the others in soil 64 and 65 with respect to loss of weight only. The 
summary of the relative values in tables 6 and 8 shows that with 
respect to loss of weight the composite averages of all periods for the 
plain or low-alloy cast irons agree within 6 percent, and with respect 
to pitting, the composite averages of all periods for the same materials 
agree within 12 percent It is doubtful that the small differences can 
be considered significant in view of the standard error of the averages. 
Hence, the data bring out the fact that none of the plain or low-alloy 
cast irons is definitely superior, in general, to the other materials i 
the 12 soils tested. Figure 1 shows the specimens of cast iron removed 
from Mohave fine gravelly loam (soil 66) after 9 years of exposure. 


(c) SPECIMENS EXPOSED FOR 2 YEARS 


The cast-iron specimens exposed for 2 years consist of 12 by 3} 
by 44-inch sections of 12-inch class 150 Super deLavaud pipe bolted to 
flat 12 by 3% by %-inch charcoal cast-iron plates by means of steel and 
charcoal cast-iron bolts. 

Table 9 indicates that the charcoal cast iron lost more weight thal 
the Super deLavaud iron in most soils, and in all but one soil the max 
mum pit depths on the Super deLavaud cast iron were definitely les 
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Cast-iron specimens exposed to soil 66 for 9 years. 


2 
Sand-coated; 


FIGURE 


F, 


illov; &, high-alloy. 


low 


I, low-alloy; J, low-alloy; ¢ 
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SOIL 56 


SOIL 70 





GE, 


CD 


Ficgure 2.—Charcoal cast iron (CD) and steel (CE) bolts exposed to both soil 56 and 


70 for approximately 2 years each. 
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than on the charcoal cast iron. This might be attributed to galvanic 
action between the different metals in addition to the other causes of 
corrosion. Figure 2 shows the condition of the cast-iron and steel 
bolts which were connected to the couples in soils 56 and 70. 


TaBLE 9.—Loss of weight and depth of maximum penetration of cast-iron plates and 
cast-iron and steel bolts (the plates were connected by the bolts) 


[Exposure 2 years] 












































Nuts and bolts 
deLavaud Charcoal ie: apr Nt © @rmrmmuet amma” 
defi cast iron east iron Steel Charcoal 
cast iron, 
Expo- 
sure cc CB CE cD 
Maxi- Maxi- 
N Type Loss of} mum | Loss of} mum | Loss of; Loss of 
NO. yp weight | pene- | weight | pene- | weight | weight 
tration tration 
Years | o2z/ft? | Mils | oz/ft? | Mils | o2/ft? o2/ft 2 
53 | Cecil clay loam_--------- getwsin ee 1.91 1, 21 30 1. 59 38 1.92 1.81 
55 | Hagerstown loam_-.... -..-..-------- 2. 03 1.03 32 1.05 68 1. 28 1. 56 
56 | Lake Charles clay.-....----.------ wae 1.91 6.13 45 11. 27 74 20. 10 9. 04 
SB} BRO st UL nt ae eels de lictne 1.91 5. 98 42 4.10 58 6.47 7.12 
ea ee ee 1.91 4, 27 23 3. 21 41 5. 06 3. 32 
Gi 7 Bees Soe oaliicc a diwacendcapsins 1. 92 1. 66 36 2. 56 58 2. 54 2. 28 
62 | Susquehanna clay- ----- 1. 90 2. 52 34 2.73 57 2. 57 3.31 
63 | Tidal marsh_----.-. ial ated 1. 88 1. 94 36 2. 69 57 (9) (4) 
64 | Docas clay_..-.-..----- 1.90 4. 53 36 4. 64 57 3. 28 b 5. 54 
OS.) CRO By ive cwencdekecccsens 1.91 1. 89 34 3. 39 54 4. 24 3. 85 
66 | Mohave fine gravelly loam. ---.------ 1. 86 4. 88 34 6. 28 54 (*) (8 
G7 | Gig a ? 1.90 | 18.48 88 | 20.67 102 | 16.22 | 18. 18 
69 | Houghton muck___---..-.------ Le 1.90 2. 25 38 2.08 | 36 7.71 3 1. 86 
70 | Merced silt loam......-.-..--.----..- 1.90} 7.40 96 | 10.50) 122 4 11.19 | 10.12 
| 











® Both specimens missing. 
b Loss of weight for individual specimens differed from each other by more than 50 percent. 


Laboratory measurements were made on the open-circuit differences 
of potential between a pair of the two different cast-iron plates buried 
in a box containing a saturated sample of Lake Charles clay (soil 56). 
The difference of potential reached the constant value of 61 millivolts 
after several weeks, the deLavaud specimen being cathodic. This is 
in accord with the data for soil 56 reported in table 9, which shows the 
loss of weight on the charcoal cast iron to be almost twice the loss on 
the Super deLavaud specimen. The pitting was also deeper on the 
charcoal cast iron. If it be assumed that the losses of weight due to 
the soil conditions alone were about the same for the two materials, 
the difference in corrosion observed in table 9 might be accounted for 
by the extra galvanic action caused by the dissimilarity between the 
two metals. As the charcoal cast iron was anodic, its tendency to 
corrode was greater. However, the deLavaud cast iron will not be 
cathodic in all soils, since the two types of cast iron would probably 
fall in the same group of the galvanic series set up by McKay and 
Worthington [19], who arranged the metals in groups according to 
their tendency to corrode galvanically, and showed that the relative 
positions of metals in the same group are subject to reversals. Such 
& reversal was observed on another set of measurements of a pair of 
the cast-iron materials in Docas clay (soil 64). The metals were 
buried in a very wet sample of the soil. The deLavaud cast iron was 
cathodic at first, but after considerable drying of the soil, a reversal 
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took place and the Super deLavaud plate become anodic to the cha. 
coal cast iron. 

This shows that the environmental condition of the soil in whic) 
couples are buried plays an important role in corrosion due to galvap. 
ic action. The aeration of a soil is affected by its retentiveness of 
water, and since the aeration and water content vary from season t, 
season, it cannot be forecast which part of a couple whose constituer, 
metals fall within the same group of the galvanic series will becom 
cathodic or anodic. As the possibility of a reversal taking place his 
been shown to exist, this should be taken into consideration when 
combinations of metals which might give rise to galvanic action ar 
to be buried. 

2. WROUGHT MATERIALS 


(a) DIMENSIONS AND COMPOSITION 


Table 10 shows the dimensions and composition of the wrought 
ferrous specimens. It will be noted that some of the mill scale was 
left on the puddled wrought-iron pipes buried in 1932 and that a hard 
black mill scale covered the entire surface of the copper-nickel stee| 
and the nickel-copper steel plates buried in 1937. The other spec- 
mens did not have any mill-scale coating. The losses of weight and 
depths of pits of specimens exposed for short periods are affected by 
the mill scale, which acts as an inperfect protective coating and stimv- 
lates local galvanic corrosion. Most of the scale is lost after a fev 
years’ exposure, an effect which probably becomes of less importance 
as the test continues. 


(b) SPECIMENS EXPOSED FOR 9 YEARS 


1. Specimens of Pipe.—Table 11 shows the losses of weight of the 
wrought ferrous pipe buried in 1932 and removed in 1941. In most 
soils the low-carbon steel, NV, seems to lose a little more weight than 
most of the other materials, but usually the differences are not great, 
except with respect to the specimens high in chromium. 

Table 12 shows the averages of the deepest pits on the specimens 
of wrought pipe exposed 9 years. As was said in the discussion of the 
corresponding cast specimens, data on the maximum pit depths are 
too erratic to justify comparisons of materials unless a considerable 
number of specimens of each material is available. As an — 
the data in table 12 show that corrosion had punctured the wall of 
seven of the pipes removed after 7 years of exposure, but that other 
specimens of the same materials were not punctured even after 9 years 
of exposure to the same soils. For the purpose of determining whether 
the data showed any real difference in loss of weight and in resistance 
to pitting for all periods of exposure, tables 13 to 16 were prepared 
according to the method used in constructing tables 5 to 8. In addi 
tion to the soils omitted from those tables for the cast materials, soil 
64 and 66 were excluded from tables 13 to 16, since most of the speci- 
mens contained punctures in the last two removals. It was permissible 
to use these data for these two soils for the cast materials because of 
the greater wall thickness of the pipes. Tables 13 and 14 indicate 
that for all periods, with respect to loss of weight the 5-percent chro- 
mium steel (P) is consistently better than any of the other specimens 
in soils 53 and 55, and nickel-copper steel (D) is consistently best 1 
soil 65. With respect to pitting, D is consistently better than the 
other specimens in soil 53. 
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TaBLE 13.—Relative loss of weight of wrought specimens based upon the average 
loss of all specimens for each period 


[In percent] 








2-year exposure * 5-year exposure > 





Soil No. 
Ae B H N D P A B H N D P 





37 24 35 23} 107 7 76 49 63 
120} 111 | 122 81 72 77 76 79 90 44 50 
79 75; 115 47 40 59 46 87 43 70 















































Soil No. 








31 27 39 45 44 34 27 26 27 31 
77 81 67 | 114 57 43} 160} 185 | 154| 188] 116 175 
94 96 73 85 57 76 72 63 65 57 











102 97 | 104] 127 73 98} 108; 100; 102} 122 71 97 









































* Average loss of weight =3.34 ounces per square foot. 
> Average loss of weight =5.23 ounces pre square foot. 
¢ Average loss of weight =6.67 ounces per square foot. 
4 Average loss of weight =8.90 ounces per square foot. 
* See table 10 for the composition of the materials. 


TaBLe 14.—Abverage of the relative loss of weights of wrought specimens for the four 
periods of exposure 
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* See table 10 for the 
> Data for only 3 satan of the materials. 
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TABLE 15.---Relative maximum penetration of wrought specimens based upon ty 
average maximum penetration of all specimens for each period 























































































































{In percent] 
2-year exposure 5 5-year exposure > 

foil No. ——. 
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7-year exposure ¢ 9-year exposure 4 

Soil No = 
a|elH|nw|[o|rpla|ala|w|o|e 
RO, | ORE: 108 | 107| 129/ 76] 62| 80] 63{| 92] 137| 74] 47! & 
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® Average maximum pit depth, 35 mils. 
>» Average maximum pit depth, 56 mils. 
¢ Average maximum pit depth, 71 mils. 
4 Average maximum pit depth, 79 mils. 
¢ See table 10 for the composition of the materials. 


TABLE 16.— Average of the relative maximum penetrations of wrought specimens jor 
the four periods of exposure 
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* See table 10 for the composition of the materials. 
> Data for only 3 periods of exposure. 
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Figure 3, which has been prepared from the averages in tables 14 
nd 16, indicates that with respect to the relative average values of 
|] materials in the 10 soils for the 4 periods of exposure, nickel-copper 
teel (D) is better with respect to pitting and loss of weight. How- 
ver, it should be noted that the mill scale had been removed from 
hese specimens prior to burial. This might have had an efffect on 
he pitting, as will be shown in a later section when the data of this 
nickel-copper steel are compared with the data of a steel of a similar 
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IGURE 3.—Relative loss of weight and maximum penetration of wrought ferrous 
materials. 


omposition from which the mill scale had not been removed. Figure 
also shows that although the 5-percent chromium steel (P) is supe- 
or to ordinary steel with respect to loss of weight, it is inferior with 
espect to pitting. This may be accounted for by the formation of an 
dherent chromic-oxide film on the surface of the alloy, which is 
trgely cathodic and behaves temporarily as a protective coating 
but with the breaking down of this film locally, the resulting differ- 
hces in potential between the small anodic areas and the cathodic 
rface tend to cause an acceleration of pitting. Since the rate of 
orrosion of ferrous metals in soils is usually determined chiefly by 
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the rate at which the cathode is depolarized, the relatively large cath. 
odic area would be expected to support a comparatively high rate of 
pitting. Figure 4 shows the wrought pipe buried in Susquehanna clay 
(soil 62) for 9 years. ; 

As was pointed out in the introduction, such figures as figure 3, 
which are based on the averages of the performances of materials 
that do not behave the same in different soils, have limited value, 
since the material which shows the best average performance may not 
be the best for some specific soil condition. This is illustrated by the 
performance of the nickel-copper steel (D) for the last two periods 
of exposure in soil 56 (table 15). 

2. Specimens of High- Alloy Sheet.—Table 17 shows the loss of weight 
and maximum penetration of six high-chromium-alloy sheets after 9 
years of exposure. With the exception of the 12- and 17-percent- 
chromium materials in three soils, the losses of weight and the pit 
depths were very small. Specimens of the high-alloy sheet buried in 
soil 64 for 9 years are shown in figure 5, The behavior of these speci- 
mens is characteristic of what may be expected of these materials in 
poorly aerated, corrosive soils. 

Materials S and 7 were placed in the test to determine whether 
manganese could be used instead of nickel as an alloying element. The 
=e of specimens is too limited to justify a conclusion regarding 
this. 

It should be pointed out that the notations M and U appearing in 
table 12 and in some of the following tables may not represent real 
differences. It is often very difficult to determine whether a specimen 
is unaffected or whether metal attack has caused an increased roughen- 
ing of the surface, because the surfaces were originally rough before 
burial. In any case, whether the pitting is listed as M or U, the 
amount of corrosion is negligible. 


c) SPECIMENS OF ALLOY PLATES EXPOSED FOR 4 YEARS 


Table 18 shows the losses of weight of 10 kinds of alloy iron and 
steel plates With one exception, the values represent the average 
loss of weight of two plates. Usually the losses do not differ more than 
15 percent. 

Apparently most of the alloy steels lost less weight than the open- 
hearth steel in most of the test sites, but a comparison of table 12 with 
the corresponding table in Research Paper RP 1460 [2], which re- 
ports the results of the 2-year exposures, indicates that, although as 
whole the performance of the materials was consistent for the two 
periods, there are a number of cases where the data are inconsistent. 
Table 19 shows the averages of the deepest pits on these materials. 
In general, the alloys seem to pit less deeply than plain steel in most 
of the test sites, but more deeply in several of them. 
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Figure 5.—Specimens of high-alloy sheet buried 9 years in Docas clay at ( olamé 
Calif. (soil 64). 


U, 12-percent-chromium steel; V, 18-percent chromium; W, 18-percent-chromium steel with nit 
percent-chromium steel with nickel and manganese. The white spots on specimens W and 
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TABLE 18.—Loss of weight of alloy tron and steel plates exposed for 4 years 


{In ounces per square foot] 








Open- 4 to 6% chromium | Hitt 
hearth iron steel | alloy 


| Stel 


Low-alloy steel 





Expo- 0.45%] 0.54%] 0.95%| 1.01%| ¢r-St,| 2.01% Cr 
sure Cu | Cu } Cu {| Cu steel | 0.57% 0.43%) 186 
07% | .18% | .527% | 1.06% 1.02%| Mo . Mo | (; 
Mo | Mo} Ni Ni GG 
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Cinders 4 34, 27) ¢33. 22) 27. 70 
Houghton muck... 5. 4. 21 90 
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Sess 
































‘ 2.86) 2. 
Merced silt loam_..| 3. 10. “ b11. : tae 25 





* Data for 1 specimen only. 
> Data for the individual specimens differ from each other by more than 50%. 
¢ Average loss of weight of the 1939 removals is greater. 


Table 20 and figure 6 show the relative losses of weight and pi 
depths for the materials in all soils based on data for two periods i 
exposure. The table indicates that in corrosive soils in general the 
low-alloy materials lose less weight but are not superior to oper 
hearth steel with respect to pit depths. A possible explanation 0 
this condition is that the corrosion products tend to form an imperfec! 
protective coating which sometimes accelerates corrosion at the weak 
points. 

The behavior of the 4- to 6-percent chromium steel in this test is 
agreement with the behavior of the 5-percent chromium steel spet 
mens in the 9-year test, where lower loss of weight and deeper pitti 
was observed in comparison to plain steel. 

Further inspection of figure 6 shows that the nickel-copper sted 
(B) is no better than some of the other low-alloy steels with respect 
loss of weight and pitting. This is contrary to the results of tl 
9-year specimens, where the nickel-copper specimens of approximate! 
the same composition appeared to be somewhat better than the othe 
specimens. It should be noted that the scale on the 9-year nickt! 
copper steel specimens was removed, whereas, the 4-year specimens We 
coated with a hard, uniform layer of mill scale. The acceleration 
pitting resulting from local failure of the oxide coating would accoul! 
for the relatively poor performance of the 4-year nickel-copper sp 
men (B) as compared with the 9-year specimen (D) of the same ol 
position. 
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FicurEe 6.—Relative loss of weight and maximum penetration of wrought ferrous 
materials for two periods of exposure. 
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Tape 20.—Relative loss of weight and maximum penetration of alloy iron and 
steel plates 


[Average of two periods of exposure, in percent] 





























Loss of weight Maximum penetration 
Identi- 
. Material Stand- Stand- 
Po Aver- x... > Aver- at — 
age evia- age evia- 
tion error tion error 
A.....-| Open-hearth steel. .......---....-.--.------- «AN ie Bivrctiniy 
0 | Open-hearth iron (.45% Cu; .07% Mo)----- -- 100 38 7 101 31 6 
N...---| Open-hearth iron (.54% Cu; .13% Mo)------- 95 19 4 102 35 6 
rr | Low-alloy (.95% Cu; .52% Ni)-.------------- 84 25 5 101 24 4 
B._....-| Low-alloy (1.01% Cu; 1.96% Ni)--..---------- 83 36 z 102 36 7 
C._....| Low-alloy (Cr-Si-C u-P steel; 1.02% Cr)-_.--- 84 19 4 109 45 8 
KK....| Low-alloy (2.01% Cr; .67% Mo)...---------- 78 20 4 100 58 ll 
m)......| 4to6% Cr steel (5.02% Cr)...-.------.------ 58 27 5 120 70 13 
j_.....| 4 to 6% Cr steel (4.67% Cr; .51% Mo; .030% 58 24 4 110 66 12 
Al; .022% Ti). 
ae ie oe Cr steel (5.76% Cr; .48% Mo; .027% 59 26 5 111 61 1l 





It is, of course, possible for a material to be much more resistant 
to corrosion under some soil conditions than to others. For this rea- 
son table 20 is not useful for the selection of a material fora specific 
soil condition. Probably more definite conclusions can be drawn 
after the remainder of the specimens have been examined. 

Figures 7 and 8 show the low-alloy plates exposed to soil 70. Areas 
where the mill scale was left intact on the nickel-copper (B) and cop- 
per-nickel (J) steels are clearly shown. 


(d) SPECIMENS EXPOSED FOR 2 YEARS 


Table 21 shows the averages of the losses of weight and maximum 
penetrations for two low alloys and the two high alloys buried in 1939. 
The plates containing 20 percent of chromium and 22 percent of nickel 
had a peculiar roughening of the surface over large areas when buried, 
especially near the ends of the specimens, which had the appearance 
of true pitting. None of these pits measured greater than 6 mils. 
Therefore, unless definite pits deeper than 6 mils are observed on 
these plates in future removals, the plates will be classified as 
unaffected. 

Although the losses of weight and depths of maximum penetration 
of the two high-alloy materials in table 21 are slight, there is a con- 
sistent difference favoring the higher alloy. It is too soon to reach 
definite conclusions as to the relative merits of the copper-molybdenum 
steel and the chromium-molybdenum steel. The reader is cautioned 
against comparing these data with data for other materials exposed 
for the same length of time but buried at an earlier or later date, since 
two periods equal in length may differ considerably in amount or 
distribution of rainfall. For longer periods of exposure these differences 
will be of less importance. 
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TABLE 21.—Loss of weight and depth of maximum penetration of low-alloy an 
high-alloy steel specimens exposed for 2 years 
U, apparently unaffected by corrosion. 


M, shallow metal attack, roughening of the surface but no definite ‘ome 
P, definite pitting but no pits on either specimen greater than 6 mils. 
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* Data for 1 specimen only. 
> Data for 3 specimens. ; 
c + Indicates that 1 or both specimens contained holes due to corrosion. 


IV. COPPER AND COPPER-ALLOY 
; 1. DIMENSIONS AND COMPOSITION 


Table 22 shows the dimensions and composition of the copper and 
copper-alloy specimens. It will be noted that the principal alloying 
elements are zinc, tin, silicon, and nickel. With one exception, the 
specimens are sections of pipe, the ends of which were closed. 
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TaBLE 22.—Dimensions and composition of copper and copper-alloy specimens 








Width or 
diameter 


Year | 


Identi- | 
fica- | buried | 
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Material Form Length 
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xidized — wawnnnsanaccoes=s= 
pper with soldered fittings 
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poxidized copper---.-. -------- 
ppper with soldered fittings. -- 
pd brass. -.------- 

dmiralty metal 



































2. SPECIMENS EXPOSED FOR 9 YEARS 


Table 23 shows the losses of weight of the copper and copper-alloy 
pecimens exposed for 9 years. As a basis for comparison, the losses 
open-hearth-steel specimens in the same soils have been added. 
, will be noted that in most cases the losses of weight of the copper 
nd copper-alloy specimens were less than 10 percent of that of the 
eel. Table 24 shows the condition of the copper and copper-alloy 
becimens with respect to pitting. The corrosion of these specimens 
much more uniform than that of steel, and the maximum pit depths 
re much less. Apparently these statements do not apply to the 
becimens in Rifle peat, soil 60. This is a very acid organic soil. For 
bme reason open-hearth steel does not pit badly in this soil, although 
loses considerable weight. In considering the relative merits of 
rrous and nonferrous pipe, it should be remembered that some of the 
Bonferrous pipe is frequently made with thinner wall thickness than 
standard for steel pipe of the same diameter, although some ma- 
ane. such as red brass, are always furnished in standard steel pipe 
hickness 
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To facilitate the comparison of materials and minimize the effects 
of abnormalities in the performance of individual specimens, tab) 
25 has been prepared. In this table the losses of each material for thy 
four periods of exposure have been expressed on a relative Percentage 
basis in terms of the loss of tough pitch copper C, which was given thy 
value of 100 percent. The data from soils 63 and 67 were omitted jy 
these averages, the former because the loss of weight of the specimey 
followed a different trend from that shown by the other soils, thy 
latter because of the complete destruction of the brasses. 


TaBLE 25.—Relative loss of weight of copper and copper alloys 


[Average of four periods of exposure] 








Material Composition Standard 





Type 





t Admiralty metal 
Two-and-one leaded brass 














Copper-nickel alloy ; " 54 


























The corrosion losses shown in table 25 in general increase with the 
increase in zinc content. This is in agreement with statements made 
previously [2, 3], that brasses containing high percentages of zinc ar 
in general much less resistant to corrosion in soils than copper « 
high-copper alloys. However, a similar table for the specimens 
posed to Tidal marsh, soil 63, would show the reverse. A probable 
explanation for this difference is the greater resistance of low-coppe 
brasses to sulfides. The relative loss of weight of the deoxidized copper 
(A) is not in agreement with the other specimens in table 25, but this 
may be a result of a mechanical effect, since it is believed that some 0 
these specimens may have been injured in rolling. 

In some soils the losses of the brasses do not indicate the extent 
corrosion, since part of the zinc was removed by selective corrosi0l, 
which weakened the material. Nor do the pit depths for some brass 
indicate the extent of corrosion in soils in which dezincification 0 
curred, since the maximum depth of dezincification was not determined 
except where the specimens were cracked. 

It previously has been suggested [2] that because of the degree 
consistency shown in a tabulation similar to table 25 for the thre 
periods of exposure, the relative order indicated might be accepted 
tentatively as the order of merit of the materials for soil conditiom 
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enerally. However, as loss of weight is only one criterion of behavior; 
ronsideration would also have to be given to the depth of pitting and 
he tendency of the material to dezincify. Hence, the order of merit 
»f the brasses shown in table 25 does not show the true comparative 
vorth of the materials because the loss in weight or depth of pitting 
luc to dezincification has not been taken into account. This will be 
made clearer in the discussion to follow, involving a more detailed 
sxamination of some of the brass specimens. 

In table 24, selective corrosion, such as dezincification, was reported 
on most of the brass specimens. The type of corrosion was determined 
by visual inspection of the specimens before cleaning, which revealed 
opper-colored spots over large portions of the exposed surface in the 
nttacked areas. Contrary to expectations, selective corrosion was 
nlso observed on red brass (F’) and the copper-nickel-zine alloy (@). 
\o differences were evident between the type of corrosion on the 
brasses in which dezincification is normally expected and that on speci- 
mens F and @. In order to determine whether any real selective cor- 
osion, such as dezincification, had taken place, a transverse section 
was cut from a region which showed the copper-colored spots on one of 
pach of the brass and copper-nickel-zinc alloy specimens which were 
exposed to Sharkey clay, soil 61. These sections were subjected to a 
microscopic examination through the courtesy of H. L. Burghoff, 
esearch metallurgist of the Chase Brass & Copper Co. A brief 
description of the appearance of each of the materials by Mr. Burghoff 
and his discussion follow: 

“Yellow brass pipe (J)—66.50% Cu, 0.42% Pb, 0.02% Fe, 33.06% 
7n.—Definite areas of dezincification are visible on the outer surface. 

section through one of the most pronounced of these areas shows 
that dezincification has progressed to about 40 percent of the wall 

hickness of the pipe. See figure 9. 

“Two-and-one leaded brass tube (K)—67.08% Cu, 0.84% Pb, 1.01% 

i, 31.07% Zn.—Dezincilication is visible on the outer surface of this 
specimen. A section through the dezincified region shows that the 

ube wall has been completely penetrated by the dezincification attack. 
fhe microstructure is similar to that of Muntz metal and dezincifica- 
ion begins in the “‘beta”’ phase. Corrosion of this material, which is 
hot a commercial pipe material, is more severe than that of specimen 

. See figures 10, A and B. 

“Muntz metal tube (ZL) —60.06% Cu, 0.36% Pb, 39.58% Zn.—This 
specimen has suffered uniform or layer type dezincification over the 
entire surface. The tube has been corroded considerably, but the 
lezincified layer is very thin. See figures 11, A and B. 

“Admiralty metal (H)—71.28% Cu, 1.30% Sn, 0.01% Pb, 0.02% Fe, 
27.39% Zn.—Some dezincification of this specimen is evident, but its 
extent is so slight that it can be called superficial. See figure 12. 

‘Red Brass (F)—85.18% Cu, 0.01% Fe, 14.80% Zn.—Some fine 
red spots are visible on the roughened surface of this specimen. 
Microscopic examination shows these to be dezincification, but the 
i “4 this is so slight as to be merely superficial. See figures 13, 
A and B. 

; noe eke ath alloy (@)—74.45% Cu, 20.04% Ni, 4.99% Zn, 
“rea n.—Some reddish discoloration is apparent upon the surface. 
licroscopic examination shows this to be the result of a very super- 
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ficial selective attack that must involve loss of both nickel and zi, 
in order to give the resulting copper. See figure 14. 

“It is possible to place the materials into three groups according t, 
the nature of the attack. Red brass (/’), copper-nickel-zine alloy (() 
and Admiralty metal (H), showing superficial selective corrosio, 
would be in the first group. Yellow brass (J) and the so-called tio. 
and-one leaded brass (K), which is actually a leaded silicon brag 
showing definite and deeply penetrating local dezincification, would }y 
in the second group. Muntz metal (Z), which suffered the uniform 
layer type dezincification, would be in the third group. 

“The materials K and J differ in composition somewhat, there being 
0.84 percent of lead and about 1! percent of silicon in the K and on} 
0.42 percent of lead and no silicon in the J. There is a very marke) 
difference in the structure of the two alloys. In specimen J there ay 
grains of the alpha phase and particles of lead, the structure bei 
entirely characteristic for yellow-brass pipe. In the K specimen, 
the other hand, there are grains of the alpha phase, a ‘‘beta’’ phase, an 
lead. The occurrence of the “beta”’ is a result of the presence of silicon, 
This structure is analogous to that of Muntz metal. Both th 
materials K and J have suffered dezincification in the soil-corrosion 
tests. On the basis of the weight loss and depth of pitting shown in 
tables 23 and 24, and disregarding the dezincification, K may lx 
considered to be somewhat superior to J insoil 61. The fallacy of this 
judgment is shown by a study of the photomicrographs of corrode 
areas of the two materials in figures 10 to 14. Although exact con- 
parison of the depth of dezincification in the pipe is not possible 
because of differences in wall thickness of the specimens, it is evident § 
that the yellow brass is superior to the two-and-one leaded bras. 
Dezincification has completely penetrated the wall of the K specima 
over a considerable area, and it is not possible to determine how 
deeply it would have penetrated if the wall had been heavier. On th: 
other hand, dezincification in the J specimen has penetrated the heavy 
wall of this pipe by an amount which is definitely less than the wal 
thickness of the K specimen. The difference in the behavior of the 
two materials should be ascribed entirely to the silicon present in the 
leaded silicon brass tube (K) and not to the difference in the amounts 
of the unimportant (corrosion-wise) lead.” 

It should be noted that the extent of the corrosion of the red bras, 
Admiralty and Muntz metals, and the copper-nickel-zinc alloy on the 
specimens exposed to soil 61 is adequately defined by the observe 
weight losses and depth of pitting in tables 23 and 24. On the other 
hand, the dezincification attack on the yellow brass and on the two 
and-one leaded brass is of such extent that it can only be propery 
evaluated by sectioning the test pieces. Weight losses and depth 0 
pitting have almost no significance in these two cases. These cot 
clusions have been based on the examination of one of each of the 
brass specimens exposed to Sharkey clay. Since it has previously bee 
shown that soil-corrosion data are sometimes inconsistent, the rd: 
tionship shown by single specimens in the one soil may not hold in th: 
other soils. Hence, the measurement of the depth of dezincificatio 
for all the brasses where this type of attack occurred would unquestio 
ably be highly desirable. This work can not be undertaken at the 
National Bureau ef Standards at present. However, the specimels 
will be preserved and an attempt will be made to make these measut 
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Yellow brass exposed 9.53 years to Sharkey clay. 


and dezincified metal (above 
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FicgurE 10.—Two-and-one leaded brass (leaded silicon brass) exposed 9.53 years | 
Sharkey clay. 


T ransverse section showing transition from uncorroded metal at left to complete dezincific: ati ) 
»; B, section showing partial dezincification, the dezincification being more severe at the lef 
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FIGURE 11.—Muntz metal exposed 9.53 years to Sharkey clay. 
ection showing outer surface roughened by corrosion. The uniformly dezincified layer, 


it 5 percent as thick as the uncorroded metal, is not evident in this photograph. X15 
evident in upper portion. 500 
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FIGURE 12. 


Admiralty metal exposed 9.53 years to Sharkey clay. 


lransverse section to show thin layer dezincified metal. 500. 
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FiGuRE 13.—Red brass exposed 9.53 years to Sharkey clay. 


erse section showing outer surface roughened by corrosion. X15; B, section through pipe wall 
nsignificant and superficial character of one dezincified spot included in the area covered by A 
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FiGgurE 14.—Copper-nickel-zinc-alloy exposed 9.53 years to Sharkey clay 


rransverse section showing small mass of copper, a result of very slight selective attack. ( 
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ments at a more convenient time in the future. Until such measure- 
ments are made, the order of merit of the brasses shown in table 25 
should not be taken as indicative of their comparative worth. 


3. MUNTZ METAL SPECIMENS EXPOSED FOR 2 YEARS 


The copper alloy —— approximately 60 percent of copper and 
4) percent of zinc, commonly known as Muntz metal, is subject to 
dezincification under several soil conditions. To determine whether 
the addition of arsenic to this alloy would prevent dezincification, 
specimens of Muntz metal plates containing 0.08 percent of arsenic 
were added to the tests in 1939. Unfortunately, similar plates of 
ordinary Muntz metal were not buried’at the same time. This makes 
it necessary to compare the behavior of the new materials with that 
of a section of pipe buried 7 years previously. Obviously, under 
these conditions small difference in performance may be accidental. 
Table 26 shows the losses of weight and conditions of the two materials 
exposed for approximately the same periods. It appears that the 
addition of 0.08 percent of arsenic was insufficient to prevent dezinci- 
fication of the brass. Greater resistance to dezincification for this 
type of material might have been observed if the alloy contained 
more arsenic. It is known that considerably more arsenic is required 
to inhibit dezincification in Muntz metal than in alpha brass [20]. 


TaBLE 26.—Loss of weight and maximum penetration of Muntz metal exposed 2 years 


M, shallow metal attack, roughening of the surface but no definite pitting. 

P, definite pitting but no pits greater than 6 mils. 

8, uniform corrosion, no reference surface. 

| D, selective corrosion by dezincification over large areas (several square inches per square foot). 
d, selective corrosion over small areas. 

Z, specimens destroyed by dezincification. 





















Soil Arsen et) | | Muntz metal (pipe) L 
| 
No.| Tepe Expo- |Loss of |} Maximum} Expo- | Loss of | Maximum 
a yp sure | weight | penetration) sure | weight | penetration 
: Years | oz/ft? Mils Years | oz/ft? Mils 
SB | Cpekl gia Ben. a cata aol 1.91] 0.18 P,D 1.96 0.19 P,d 
55 | Hagerstown loam.............--..-.---- 2.03 .16 P,d 1.89 19 6,d 
% | Leke Onesie eee. o.0......--2-.....052 1.91 . 55 12,D 1.99 14 M,d 
SB) MGM oo ibaa abeal cen tuwcnauaen 1.91 54 P,D 1.99 . 20 P,d 
OO | Rem aero ee ed 1.91 1, 87 13,D 1.92 1.73 9,d 
Ol | RR a 1, 92 40 P,D .95 . 16 P,d 
62 | Susquehanna clay...............-.------ 1.90 32 P,D 1. 93 . 33 P,d 
dks |) A Ree 1.88 | »%.036 sP 2. 04 1.41 M 
Oh | ONE CII gain coke hip winnagindecen 1.90 47 PF 1. 91 4. 02 P,D 
©0 |. Chin BE PON igo ia saci caennnewaue 1,91 . 21 P,D 1.91 2. 43 M,D 
66 | Mohave fine gravelly loam cwmanaa ee . 30 8,d 1,92 ’.63 |) > Pd 
7 | CR ee 1.90] 15.25 | 122\sD 2.02) Z Z 
© | OURNNON MENS. Se twlncc se nceckusane 1.90} .30 gl BAS ARR OS 
20 | Mierood si Dei oo co es See ee 1.90 . 28 12,D BE Soeils se sR ae 


























* Data for 3 specimens. 
*Data for 1 specimen. 
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V. ZINC 


Table 27 shows the dimensions and composition of two kinds of 
zinc specimens buried in 1937, and table 28 shows the losses of weight 
and maximum penetration of the specimens, which were exposed {q 
approximately 4 years. 


TABLE 27.—Dimensions and composition of zinc specimens 
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Material $ | & | Form s 1] 28 
$| <4 Sia E = 
g z e ic] r 3 © bo 2 io) 
Si» A IBIe 2/oO]e = a 1olé 
in. |in.| in. | %1%)1% % % | % | % 
Rolled sine_._____- Z | 1987; Plate../12 {2.3 0,15 j|-.--.|.-..-- vee ej RO ne 0. 095/0. 0038)... 
Die-casting zinc...) CZ) 1937 |.__.do_..| 6.81)4.44) .125 /4.00 | 1.05) .018) 0.02 to 0.05.|<. 003/}<. 003 <0. qj) 
Galvani: steel *_| 7 | 1937} Pipe__|12 1.5 | .00517| .008)..__- GUT Toacsucenkasl .78 a 





® Analysis of spelter. 


TABLE 28.—Loss of weight and maximum penetration of zinc plates exposed fer | 














years 
Soil Rolled zinc Z Die-cast zine CZ 
Lossof | Maximum| Lossof | Maximum 
No. Type weight | penetration] weight | penetratio 
oz/ft? Mils o2/ft? Mils 
I a et 0. 62 10 0. 54 2 
ey oI III oo ka cubewamuncosmcna . 60 a8 61 = 2% 
Che SS EERE SES TNS 3. 42 b 26 4. 96 30 
58 RT ARR Ere i, cciecwn oh nciromimnan ahem eel 5.09 66 6.33 | © 125+(2 
Se TE ines cecinthinnicune<aeke te odseuewse 10. 36 * 100 14. 98 125+ 
vn I Soni paiebcccnescedwasccdesasuad 0.96 s 1.12 8 
ES EI ET Nn 1, 24 9 0. 60 16 
63 ii REE BATS ae ML rl kia b 2.30 34 1,43 a4 
er PI Bernd ct once coiauccespecdweencen set 0. 57 18 2. 53 20 
tb. 3. eee Sétpteaeciuy . 76 36 0. 76 16 
66 | Mohave fine gravelly loam___...----- caer oe b 2.61 b 28 4.74 124+ 
he | a ERE SAL 412.16 | »118-+(2) 13. 08 125+ 
be OS eee! 1.70 10 1. 64 36 
Be | eee ee a 41,62 b 102+ 42.19 > 80+ 




















* Uniform corrosion; no reference surface left. 
> Data for individual a differed from the average by more than 50 percent. 
¢-+ Indicates that 1 or both specimens punctured by corrision from 1 side of the plate. (2) indicates that 
1 specimen from the previous removal was punctured after 2 years. 
Data for 1 specimen only; the other specimen was destroyed by corrosion. 


The data are in substantial agreement with similar data obtained 
after an exposure of 2 years and seem to indicate that with respect to 
loss of weight and to maximum penetration, the rolled-zine specimets 
are superior to the die-cast zinc alloy. The rolled zinc specimens 10 
the tidal marsh corroded more than the others during both periods 0! 
exposure. Figure 15 shows specimens of rolled and die-casting 210 
exposed to three soils. 
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SOIL 60 


SOIL 58 ~ SOIL 66 


15.—Rolled (above) and die-cast (below) zinc buried in muck (soil 58), in 
fine gravelly loam (soil 66), and in Rifle peat (soil 60), approximately 
S each, 
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FiGURE 17.—Bursting test apparatus. 
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VI. LEAD 


























. Three types of lead pipe were buried in 1937 for the purpose of 
' checking the results of an earlier investigation, which tended to show 
that lead cable sheaths containing ge gp corroded somewhat more 
than sheaths which did not contain this element. The sheaths also 
differed in source and dimensions. 
Table 29 shows the dimensions and composition of lead pipe speci- 
mens buried in 1937. The ends of the pipes were closed. Table 30 
shows the loss of weight and maximum pepetration of the lead speci- 
' mens after exposures of 2 years and of 4 years. Attention is called 
to the fact that the pit-depth data for the 2-year specimens has been 
modified from that previously reported [2]. Because of the softness 
of the lead pipe, most of the specimens became dented and deformed, 
and they acquired many tool marks during their removal from the 
test sites. A recent check of the pit-depth measurements indicated 
» that in many cases pits were recorded that were actually due to the 
handling of the pipes after they had been removed from the test sites. 
Therefore, the data in table 30 are to be taken as superseding the data 
| previously published in table 22 of Research Paper RP1460. 


TABLE 29.—Dimensions and composition of lead specimens 











Wall or 
Identi- | Dia- 
Material Length coating Cu Bi Sb Sn Te 
fication | meter thickness 
' in. in. in. % % % % % 
Chemical lead. ...-.-. oO 1.5 12 0.177 0.056 | 0.002 | 0.0011 | None j_------- 
Tellurium lead__....- x 1.5 12 .177 -082 | None} .O011 |...do...| 0.043 
> Antimonial lead...-- B 1.5 12 olen . 036 -016 | 5.31 oe SE Pe 
Lead-coated steel....| CA 1.5 13 SEE Biodbusectena dimes taknausles Bee ioscuinee 
































' The data in table 30 do not show any significant difference for the 
| three varieties of lead pipe. This is not in agreement with the con- 
| clusions based on the 2-year exposures [2], where the data indicated 
a slight improvement by the addition of 5 percent of antimony to the 
lead. It will be seen in general that soils that are severely corrosive 
to iron are usually noncorrosive to lead; the chief exceptions are the 
| highly organic soils, such as soils 58 and 61. The corrosion resistance 
of lead can be attributed partly to the formation of insoluble com- 
pounds on the metal, which protect it from further attack in soils 
' high in salts, such as sulfates, chlorides, and carbonates. The organic 
| salts of lead in organic soils are usually soluble. 
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VII. ASBESTOS-CEMENT PIPE 


Asbestos-cement pipe is a mixture of asbestos-fiber and cement. 
The pipe is built up by a continuous process on a revolving steel 
mandrel. Thisis followed by acuring process. Since asbestos-cement 
pipe is nonmetallic, it is, of course, not subject to galvanic corrosion, 
tuberculation, or electrolysis. Pipe of this type is manufactured 
largely for use in transmission mains and services where the working 
pressures range from 50 to 200 pounds per square inch. 

In order to determine whether asbestos-cement pipe is subject to 
deterioration under soil conditions, specimens were buried at 15 test 
sites in 1937. The specimens were 12 inches long, 6 inches in diameter, 
and had an average wall thickness of 0.72 inch. These specimens were 
cut from class 150 pipe. ‘Two specimens were removed from each 
test site at each inspection period, after exposure for 2 and for 4 years. 
In most soils, especially in the acid soils, there was some softening of 
the surface of the specimens. However, scratching into the specimens 
showed this softening to be superficial. The softening probably 
occurred only on the outer layers of the asbestos-cement sheet that 
were applied to the pipe without pressure during the manufacturing 
process in order to remove the pipe from the press section. The mate- 
rial immediately under the softened outer layers appeared to be of the 
same density as the rest of the specimen. In order to measure any 
change that may have taken place during exposure to the soil, the 
specimens were subjected to water absorption, density, crushing, and 
bursting tests. Five representative samples from the group of 
specimens were stored at the National Bureau of Standards and were 
subjected to the same tests. 

Before the various tests were made on the buried specimens, the 2- 
and 4-year sets were exposed to the air for 4 years and for 2 years, 
respectively. What effect, if any, this may have had on the results 
of the tests is not known at present, but a possible explanation may 
be had from future removals when the specimens will probably be 
tested immediately after removal from the test sites. In order to 
reproduce approximately the conditions of the pipe in the soil, the 
specimens were immersed in water for a least 48 hours previous to 
making the crushing and bursting tests. 


1. WATER-ABSORPTION TEST 


Weighed air-dried specimens were immersed in water at room tem- 
perature for certain periods of time, after which they were removed 
and wiped with a damp cloth and reweighed. Water absorption was 
— as the percentage gain in weight. The results are tabulated 
in table 31. 
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TaBLE 31.—Absorption of water by asbestos-cement pipe 








Water absorption—percentage gain in weight 
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Soil No. No. 
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There is no evident consistency in the amount of water absorbed by 
the specimens as a group, or by the individual specimens buried in the 
same soil and removed during different periods. Figure 16 shows 
some of the representative curves obtained from the data. The curves 
indicate that the unburied specimens absorbed more water than did 
the buried specimens, with the possible exception of the 2-year 
specimen from soil 60. 


2. CRUSHING TESTS 


The crushing tests were made on 5%-inch lengths of pipe prepared by 
cutting in half each specimen that had been used for the water-absorp- 
tion tests. After being air-dried these sections were immersed 1 
water for 48 hours. The tests were made with three-edge bearings 
according to the method described in the Federal specifications for 
asbestos-cement pipe. Each section was placed in a horizontal po- 
sition on lower bearings consisting of two wooden strips with vertical 
sides, each strip having its interior corner rounded to a radius of 
approximately 4 inch. The strips were securely fastened to a rigid 
wooden block with.their interior vertical sides 1 inch apart. The 
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upper bearing consisted of a straight wooden block, 4 by 4 inches in 
cross section. The load was applied at a uniform rate of approxi- 
mately 1,000 pounds per minute until failure of the pipe occurred. 
In testing the specimens, the two sections from the same specimen 
were placed under the hydraulic jack in such a way that the parts of 
the sections receiving the maximum stress were at an angle of 90° to 


each other. 
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Figure 16.—Percentage of water absorbed by asbestos-cement specimens. 





| | 
0 2 4 


@=Exposed 2 years to soil 56. A=Exposed 2 years to soil 60. 
Exposed 2 years to soil 62. X=Unexposed. 
—=Exposed 4 years to soil 62. O=Unexposed. 


The crushing strengths in pounds per linear foot for each of the 
sections were calculated. The results of these tests are given in table 
32 for the specimens exposed to the soil and for the unexposed speci- 
mens. No evident correlation is shown between the value for the 
crushing strength and the age of the specimens either in individual 
soils or as any group of soils. 
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TABLE 32.—Results of crushing tests on the asbestos-cement specimens exposed jy 
various soils and on the unexposed specimens 


























<== 
2-year-old specimens 4-year-old specimens 
Soil No. Sample Minimum A 
} : pparent | Minimum A 
wall thick- ane specific | wall thick- TT Specie 
ness z 8 gravity ness gravity 
1b per lb per 
in. linear ft in. linear ft 

51 { a 0.76 12, 160 SY Seen eee eee 2% 
ot dab “4 b 7 12, 720 J 5 SSE 2: PL Seay Ha 
53 { a .72 13, 910 1.90 0.70 11, 400 Lh 
. ae b .72 14, 400 1.96 70 10, 290 1 
55 i a - 69 13, 200 1.86 70 12, 590 La 
bs saa er 6 . 69 11,070 1.78 70 13, 160 Le 
56 i a .71 12, 930 1.94 70 12, 380 Li 
. j b .71 13, 350 1.94 70 12, 800 L® 

58 i a 71 11, 970 1.89 74 12, 240 LW 
- b 7 13, 550 1.89 74 12, 290 Lo 

60 if a .70 12, 730 1. 88 .73 12, 670 1.9 
ae ce b .72 11, 520 1.82 73 11, 580 1® 
61 f a 73 14, 600 1.90 67 9, 840 1. 
eoetas acs b .73 15, 270 1. 89 67 9, 550 18 
62 { a -73 17, 060 1.94 71 12, 980 19 
Papetic en b 73 14, 240 1.92 71 12, 980 19 
63 = 77 17, 600 1.80 71 14, 990 Le 
iit rey b Be § 17, 150 1.86 71 14, 980 1.0 
64 { a ote 15, 400 1.93 73 14, 640 1% 
ae b .72 13, 430 1.96 73 15, 940 2.0 
65 { a | 15, 560 1.92 73 13, 290 1% 
7 b .71 16, 400 1.92 73 13, 040 14 
66 i a By 14, 470 1.95 69 14, 160 1.8 
- b .72 14, 530 1.97 69 13, 210 Le 
67 i{ a .73 15, 900 1.94 70 11, 650 1” 
re ny b .73 15, 400 1.94 70 10, 640 1.8 
69 { a .70 13, 100 1 71 11, 920 1.8 
Lewy ta b .70 11, 000 1. 82 71 11, 540 1. 
70 f a .70 12, 400 1.91 73 15, 440 2.02 
pO Stee sr ekes ee \ b .70 13, 960 1.94 73 13, 080 18 

UNEXPOSED SPECIMENS 
4 { Eales oan eeeyen = Ae 2 Eee, SEE ante 0.70 9, 940 1@ 
ae Nahai ichiai te b ART ER RY SER: 70 10, 270 10 
5 | ibe SAAN” SS ae Re ae. 71 11, 840 1.9 
VPOP RTE PORT Ste b TAR 4 Bee US ee fee eee a ae 71 10, 530 1.8 
Average of un- 
exposed speci- 

| Se (eee SS hee ae eS i ane per w 2 -70 10, 640 1.0 


























3. BURSTING TESTS 


For the bursting tests the second of the pair of specimens removed 
from each test site at each inspection period was immersed in water 
for a minimum of 48 hours, and placed in the hydrostatic-pressur 
testing apparatus shown in figure 17. Internally fitting rubber cup 
were used to close the ends of the pipe. The apparatus was 9 
designed that the pipe was not subjected to end compression durm 
the test. After filling the pipe under test with water, the entrapp 
air was allowed to escape, and the pressure was increased at a 
approximate rate of 10 pounds per square inch per second until the 
pipe failed. The pressure gage employed was calibrated before the 
series of tests. 

Many samples failed by a small piece splitting out at one end with 
the extension of a crack from this point along the entire length of the 
specimen. The others failed by cracking in one or two places alo 
the entire length of the specimen. In all but three cases, a cr 
went through a hole, %-inch in diameter, near one end of the specimel, 
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hich was used to hold the identification tag. Here again there is no 
vident correlation between the bursting pressure and the age of the 
specimens either in individual soils or as any group of soils. 


sed ty 


7 4. APPARENT SPECIFIC GRAVITY 
arent 
vt Samples from the specimens upon which the crushing and bursting 
ests had been made were dried in an oven at about 110° C for 18 hours. 
After cooling to room temperature the weight of the dry sample was 
Hetermined. The samples were then immersed in water for a period 


of 24 hours, and the weights in the wet condition were determined in 


















































'! Mumnir and when submerged in water. From the original weights of the 
Le dry samples and the volume of water displaced, the apparent specific 
is fampravities of the specimens shown in tables 32 and 33 were calculated. 
tf ith few exceptions, the specific gravity of the specimens all fall 
rr between the values of 1.80 and 2.00. 
LW 
a ABLE 33.—Results of bursting tests on the asbestos-cement specimens exposed to 
Ly the various soils and on the unexposed specimens 
1 —————— 
rT 2-year old specimens 4-year old specimens 
2.0 —— 
1% 
4 Soil No. Minimum Minimum 
ia wall thick- Bursting — wall thick- Bursting | — 
v ness aiong pressure : ness aiong pressure 
a fracture gravity fracture | gravity 
18 
La | 
1 in. Ibjin.t in. bjin2 | 
SA brid s-acoceccasbxaacceitons 0.71 995 NE a dalddniadinskectentnddaonneddnrne 
iW EMIT LOS MEDORA 75 1, 140 1.83 0.71 1, 010 1. 84 
72 1, 085 1.87 72 1, 100 Lae 
=" - 70 995 2.00 73 1,050 1. 84 
73 1,140 ie 71 925 1. 90 
«an 1, 010" 1. 76 72 1, 165 1.85 
— -71 1, 205 1.92 71 ¥ 1. 94 
Lw .73 1, 095 1.97 70 1, 125 1. 78 
19 75 1, 175 1. 84 74 1, 150 1. 88 
19 67 1, 100 1, 98 74 1, 150 1, 94 
rr "69 935 1. 76 70 1, 070 1.84 
; 75 1, 215 1.93 71 1, 240 1.89 
72 1, 030 1.86 73 1, 105 1. 82 
19) 74 1, 255 1. 93 68 1, 215 1.89 
“J 72 1, 155 1.80 77 1, 285 1. 84 
} UNEXPOSED SPECIMENS 
wisbcaiat , | | 
Ds aslonee¥ianh oansedad paeeat oss diy Gian wneud | esibincdske EAE RE 0.71 995 | 1.81 
ed Di Sansa bcuatbaieeaeeiniai. React LARA CHEE. 72 | 940 | 1.88 
ef A ER EN eRe SY EEE: es 73 | 970 & 1. 93 
| Average of unexposed speci- 
re eR PR AOL SDB [esoseteeses | ities sia Sabai [pooseoeeeeo .72 | 968 | 1.87 
. a or 
0 
f 5. COMPARISON OF THE DATA FROM VARIOUS TESTS 
- _ Analysis of the data in tables 31 to 33 fails to bring out any correla- 


tion between any of the tests. The bursting- and crushing-test data 
ie ‘or the specimens exposed for 2 and for 4 years do not show any evident 
" Me differences. In some soils the 2-year specimens appear superior to 
the specimens exposed 4 years, and in other soils the reverse is true. - 
No systematic differences between specimens exposed to different soil 
* BP onditions can be detected. 
However, the data do indicate that the asbestos-cement pipes 
generally gained strength during exposure to the soil, and that the 
' He softening observed on the outer ayers of the specimens did not pene- 
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trate deeply. For only two specimens are the values for the burst 

pressure less than the maximum value of the unexposed specimen 
and in only one soil are both values of the crushing strength for the 
exposed specimens less than the average value of the unexposed 
specimens. It is probable that during exposure of asbestos-cemen} 
pipe to the soil, a curing process takes place which tends to increay 
the strength of the pipe, but there is no indication that the pipe js 
any stronger after 4 years of exposure than after 2 years of exposure. 


VIII. METALLIC COATINGS 
1. TINNED-COPPER TUBES 


Table 34 shows the loss of weight and maximum penetration of 
tinned-copper tube exposed for 4 years and similar data on deoxidized 
copper pipe exposed at the same test sites for 5 years. The table 
shows that in general the coating of tin temporarily reduced the rate 
of loss of weight but, in some cases at least, accelerated the rate of 
maximum penetration. The coating of tin was quite thin, and much 
of it had disappeared from the specimens buried in most of the soils, 


TABLE 34.—Loss of weight and depth of maximum penetration of tinned-coppe 
tubes exposed 4 years and copper pipe exposed 5 years 

M, shallow metal attack as indicated by roughening of the surface. 

P, definite pitting but no pits greater than 6 mils. 

+, one or both specimens contained holes caused by corrosion. 












































Soil | Tinned-copper tube Deoxidized copper pipe | 
| 
l | Condi- 
ede Max- : ‘ Max- tion of 
+ ¥ | Ss 0 imum 4088 0) imum | coatings 
No. Type Exposure) weight | penetra- |Exposure| weight | penetra- 
tion tion | 
| ad | 
Years oz/ft 2 Mils Years oz/ft 2 Mils 
53 | Cecil clay loam_-_-__._-- 4.01 0. 086 7 5. 46 0.15 7 1 
55 | Hagerstown loam____-___-- 3. 90 | M 5. 20 .14 P 0 
56 | Lake Charles clay _-__-- 3.99 . 36 11 5. 44 .51 P 2 
58 | Muck------ <t De 4.01 . 64 39 5. 50 1. 56 12 2 
A |. ee 3.98 4. 54 42 5. 25 3.82 28 3 
61 | Sharkey clay_._..._____- 4.01 0. 32 b 18(2 5. 50 0. 35 23 2 
62 | Susquehanna clay ------- 4.00 081 P 5. 47 . 26 9 1 
GS: ‘71aen Meee... ....<.- <6. 4.01 2.19 ©14 5. 55 2. 45 M 3 
64 | Docas clay.......---.----- 3. 98 0. 22 6 5. 22 2. 22 9 ) 
65 | Chino silt loam__-_-_-_- | 3. 99 .12 P 5. 26 1.02 10 } 
66 | Mohave fine gravelly | 
loam___..- ~ 3. 95 . 23 P 5. 28 0.75 7 2 
4h "Se 3. 98 20. 37 60+-(2) | 5. 26 9. 33 54 3 
69 | Houghton muck_-_....__- 3. 98 (LE) SY ee et eee! Nopagraain.: Ean ] 
70 | Merced silt loam---_-___- 3. 98 . 074 6 | onde l 





* 0, Coating, present over entire surface; 
1, Coating present on more than 50% of surface; 
2, Coating present on less than 50% of surface; 
3, Little or no coating left. 

b (2) Indicates that 1 of the specimens was punctured after 2 years exposure. 

Uniform corrosion; no reference surface left. 

4Data for 1 specimen only. 


Aside from the question of minimum thickness required for pro- 
tection, a possible cause of failure of tinned-copper in soils is the 
reversal of potential of this couple. As tin is probably anodic to 
copper under all conditions, corrosion of tin would be expected to 
protect copper cathodically in the same manner that the corrosion 
of zinc protects the underlying steel in galvanized materials. The 
reversal of potential may be due to the formation of tin-coppér 
alloys, which have been shown under certain condition to be more 
cathodic than copper |21). 
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2. LEAD 


Table 35 shows the loss of weight and depth of maximum pene- 
tration of lead-coated and uncoated steel pipe exposed for 9 years. 
In all cases the coating reduced the loss of metal, and in 9 of the 13 
soils the maximum penetration was also reduced. However, rather 


| serious pitting occurred in all but one of the soils. Since lead, unlike 


zinc, is cathodic to iron and steel, protection of the underlying metal 
is accomplished by isolating the base metal from the enviornment. 
The life of the coating would then be expected to be determined 
largely by the corrodibility of lead under the conditions of exposure. 
Furthermore, if the corrosion of lead in soils takes the form of local- 
ized attack, or pitting, the potential difference between lead and the 
exposed steel would cause accelerated attack on the steel except 
under those conditions in which the steel might be polarized anodically. 
The average thickness of the lead coating was 1.44 mils. The cor- 
rosion for the three types of lead specimens shown in table 30 indicates 
that the protection provided by a coating of this thickness would be 
inadequate, since in all soils the maximum penetration of the lead 
pipe after 2 years’ exposure to the same soil conditions exceeded the 
average thickness of the lead coating on the pipe specimens. It is 
doubtful that a lead coating of any reasonable thickness could be 
considered satisfactory for use in corrosive soils. 


TABLE 35—Loss of weight and depth of maximum penetration of lead-coated and 
steel pipe exposed for 9 years 


























| 
Soil Lead-coated * CA | Low-carbon steel NV 
Condi- 
| tion of 
No. | Type a Penetration nae he Penetration | °o#ting » 
83....| Cecil clay loam............------------ °1,12| 41 4.00} 50 2 
&....| Hemeratwe SGM ccc idee cccdcaue 0.76 | 44 3. 82 59 1 
&....| Tage es Oo oi ss oh. KS 20.73 |4145+-(7) 28.76 | 154+(7) 3 
OR. kc} Pads. a eee kas s ocak ewkchadsue 14.85 | ¢ 91 16. 24 }¢110 3 
90. .::] Se Se. oink 1.07 | ! 21 4.70 | 40 1 
©: cf BRR Rs Sects ls ecabeek £7.07 50 16.72 |¢!27 3 
Gl...) Ge Oca ee a 3. 89 50 5.78 | £96 2 
62....| Susquehanna clay. - ...-.------------- 3. 64 59 6.65 | £87 3 
GS...) Re Cok See Leek das © 3.52 |¢145+- £9.03 54 2 
Oh...) I MO i ae 2.10 | 73 eD 154+-(5, 7) 2 
O5....| Cieae SIRE RR od oe 3.22} 72 12.86 | 112 2 
66....;| Mohave fine gravelly loam_---- s 3.39 | 57 18. 56 | 154+-(5, 7) 2 
67... | 8 BR Oe EE ee Se D 145+(5, 7) h §8.39 | 154+-(2, 5, 7) 3 











* This coating was 0.00144 inch thick, and contained 1 percent of tin. 

i — on more than 50 percent of surface; 2, coating on less than 50 percent of surface; 3, little or no 
Coating left. 

* Data for only 1 specimen. 

4 + indicates that 1 or both specimens _ A number in parentheses after the pit depth indicates 
m 1 or both specimens were punctured in previous removals, e. g., (5) indicates a puncture after 5 years, 
ete, 

¢ Uniform corrosion; no reference surface left on pipe. 

! Data for individual specimens differed from the average by more than 50 percent. 

* D = both specimens destroyed by corrosion. 

' Data for 1 specimen only; the other specimen was destroyed. 


3. ZINC 


Zinc applied by the hot-dip method has been used extensively for 
the protection of small-diameter pipes under ground and its long- 
continued use is evidence of its value under average conditions. In 
1937, steel specimens with a zinc coating having a weight of 3.08 
ounces per square foot were buried at the 15 test sites previously men- 
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tioned. The condition of these specimens after 4 years is reported ip 
table 36. Figure 18 shows the galvanized and black-iron pipes tha 
were buried as control specimens at three test sites. In all but one of 
the soils pitting began within the 4-year period, and the coating, jp. 
cluding the zinc-iron alloy layer, was removed from at least half of the 
surface of the specimens. Under these conditions it seems probabl 
that a zinc coating of the thickness and distribution of the one tested 
would not add more than 4 years to the life of a pipe exposed to the 
soils under observation. This result is inconsistent with the data of 
previous described tests [16], in which a coating of 2.82 ounces per 
square foot prevented pitting of the base metal in all but one of 47 
soils over a 10-year period. Although certain of the soils in the mor 
recent series of tests proved to be more corrosive than the soils in the 
older tests, it also is true that six soil conditions were duplicated in the 
two series of tests. 


TaBLE 36.—Loss of weight and depth of maximum penetration of galvanized and 
black iron pipe eaposed 4 years 


































’ Galvanized pi 
Soil 3.08 on it? pe Black iron pipe | 
| Condi- 
| tion of 
= Loss of | Pene- | Loss of an * 
No. Type weight |tration| weight |? enetration| 
oz/ft? Mils oz/ft? Mils 

ee ee 1.39 6 2. 86 98 ) 
— ee Ea BE, b 1.22 s 2. 60 50 2 
eran 3. 89 7 16. 03 104 2 
BRE | OEE IEEE SRS 5. 40 b 21 8.78 46 3 
60_.._| Rifle peat a9 7.18 12 8. 06 b 38 3 
_, eae eee: | clay..... B 1. 46 12 4.99 45 2 
62___.| Susquehanna clay i 7” 2. 28 9 4. 30 56 2 
ae ci a nas titin Slab nc am dmmertasmudean aie 2.15 10 9. 20 38 1 
OR ict ET ch aiccethvcti Rented oc chandnnn ancelee 1. 58 i) 5. 96 7 2 
65_...| Chino silt loam --__....__.--. ete incase tah b 2.25 6 4, 56 59 3 
66_...| Mohave fine gravelly loam_-_-_-........-..._-- 3.32 8 12. 31 © 145+-(2) 2 
Xt CEL Sti eke a tteeknonendnaésncendoomwakne 5. 40 45 4 37.03 145+ (2) 3 
EE SESS A REF 3. 37 11 3. 28 20 3 
Meee OP) a ees re 4. 52 12 b9.72 118+ 3 








* 1, Coating on more than 50 percent of surface; 2, coating on less than 50 percent of surface; 3, little or 
no coating remaining. 
> Data for individual specimens differed from each other by more than 50 percent. 

¢ + indicates hole in 1 or both specimens caused by corrosion; (2) indicates that 1 or both specimens were 
punctured after 2 years’ exposure. 

4 Data for 1 specimen; the other specimen was destroyed. 

It was thought that the difference in behavior of the specimens 
having coatings of nominally the same thickness might possibly be 
ascribed to greater uniformity in distribution of the zinc coating in the 
earlier tests. However, measurements made with a Magne-gage on 
three unburied representative samples of the specimens from the 
earlier tests and on four similar specimens from the more recent tests 
showed that the variations in the thickness of the coatings on the 
pipe were no greater on one group than the other. Hence, the 
difference in behavior of the two specimens cannot be attributed to 
differences in uniformity of the zinc layers. 


IX. NONBITUMINOUS ORGANIC COATINGS 


The value of the tests of organic coatings applied to short length 
of pipe under labordtory conditions is limited because many of ths 
failures of coatings in practice are attributable to injuries in the course 
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Figure 19.—Koroseal-coated pipe exposed for 4 years to cinders (soil ¢ 
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f the laying of the coated line. Moreover, it is difficult to produce 
» uniform coating in the field and even in the shop. 

Such tests as are reported here are chiefly of value in that they 
show whether or not there is a possibility that a satisfactory coating 
ould be made from the material tested. The tests may also suggest 
vavs in which coatings could be improved. Most of the organic coat- 
ings reported on are either experimental or else materials which have 
been satisfactory under some conditions but are untried with respect 
o underground pipes. Few, if any, are in use in an experimental way 
n short sections of lines. 

When the coated specimens were removed the coatings were 
examined for cracks, blisters, brittleness, change in color, and dis- 
bonding, as well as for rust spots and other evidence that corrosion 
had not been entirely prevented. Half of the coating was then 
removed and the extent of the corrosion, if any, recorded. 

As it is frequently impossible to describe the condition of a coat- 
ing accurately and briefly, and since the chief function of a coating 
for use in soil is to prevent corrosion, it has become customary to 
limit the report on organic coatings to a description of the condition 
of the pipe which they were intended to protect. This is not entirely 
satisfactory, as the depth of penetration is a function of the corrosive- 
"ness of the soil and probably nearly independent of the coating after 
‘the metal surface has been exposed. The seriousness of the corrosion 
may, however, indicate roughly the lapse of time since the surface 
became exposed if the corrosiveness of the soil is known. Even 
this is somewhat in doubt, since there is considerable evidence that 
under some conditions a faulty coating may accelerate corrosion 


Feither by localizing the rs 0 ya Sr pe or by modifying the dif- 


ferential aeration of the metal. Until recently many have regarded 
the usefulness of a coating as limited to the time during which it 
prevents corrosion. Experience has shown that with most coatings 
it is impractical to protect all points on a pipe surface because of 
‘accidents inherent in the application of the coating, the laying of 
the pipe line, root growth, or other injuries. Under most conditions 
‘it is practicable to protect electrically cross-country pipe lines, and 
possibly city pipe networks as well, by causing sufficient current to 
flow to the pipe. The cost of this method of preventing corrosion 
(cathodic protection) is roughly proportional to the current required 
and this is in turn proportional to the insulating properties of the 
protective coating. Thus a combination of protective coating and 
cathodic protection may be more economical than complete protection 
by either method alone. Under some conditions it may be more eco- 
nomical to permit a limited amount of corrosion than to prevent 
all of it. This, of course, depends on the losses assignable directly 
and indirectly to corrosion. It is from this point of view that pipe 
coatings should be judged. 


1. COATINGS EXPOSED FOR 9 YEARS 


__ The only information available descriptive of the coatings buried 
ir 1932 was furnished by the manufacturers and is given below. 
Coating B.—A synthetic rubber, stated to be an olefin polysulfide 
reaction product, was exposed in the form of sheets 10 by 5 by 1/4 
‘inches. Subsequently, a process was developed which permitted 
application of this material to pipes. Specimens coated by this 


604947—44—_-4 
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process were exposed in 1939 and inspected in 1941. The conditjg, 
of these coatings will be described in the -section under Coating 
exposed for 2 years. 

Coating C.—Two coats of porcelain enamel, one of which wy 
acid-resisting. Thickness, 14 mils. 

Coating D.—First coat, 23-percent solution of a rubber derivatiys 
in xylene; second and third coats, 30-percent solution of the rubbe 
derivative in xylene; fourth coat, 20-percent solution of the rubbe 
derivative in a mixture of turpentine and mineral spirits. Fiy 
percent of the solids was carbon black. Thickness, 10 mils. 

Coating E.—Two applications of paint which differed in colo 
Neither the kind of pigment nor the kind of vehicle was specified, 
Thickness, 5 mils. 

Coating F.—A semiplastic compound, which was applied cold 
with a brush, consisting of 4% parts of treated cashew-nutshell oil 
3 parts of asbestos fiber, and 3 parts of mineral turpentine substitute, 
Thickness, 6 mils. 

Coating G.—A hard-rubber compound, containing rubber, sulfur, 
and an accelerator, cured to a bone-hard condition. Thickness, 9) 
mils. 

Coating H.—A highly loaded hard-rubber stock that contained 30 
percent of magnesium carbonate and approximately 15 percent of 
“white substitute.”” Thickness, 100 mils. 

Coating J.—A synthetic resin varnish baked at 425° F for 30 minutes. 

Coating K.—A paint containing highly chlorinated rubber, dis 
solved in a suitable solvent, to which may have been added drying 
oils, pigments, quartz meal, or carborundum. This coating was 
= in Germany to pipe 1 inch in outside diameter. Thickness, 6 
mils. 

Coating W.—An experimental coating prepared as follows: The 
pipe was primed with a china-wood oil varnish containing zinc 
chromate and baked at 200° F for % hour. A top coat of dehydrated 
china-wood oil, containing powdered mica and a catalyst, was molded 
on the pipe and heated to 200° F for 3 hours. Thickness, 170 mils. 

Table 37 shows the condition of the pipe beneath the coatings exposed 
for 9 years. It will be noted that the two thick rubber coatings, (@ and 
H, completely protected the pipes except at the ends where the coating 
had been injured mechanically. The porcelain enamel was nearly 4s 
good. It is probable that some of the corrosion reported was the result 
of injuries in handling of the specimens. It is claimed by the manufac- 
turer that great strides have been made in resistance to chippage of 
porcelain enamel coatings during the past 9 years, and that the samples 
reported upon would not be truly representative of the type of porce- 
lain enameling which would be obtainable today. However, as much 
greater care was taken than is practical with coatings on pipe lines, the 
corrosion resulting from injuries should not be entirely neglected. _ 

The thick china-wood oil compound, W, prevented serious pitting 
in all soils. The fact that many of the coatings cracked and had 8 
strong odor and the blistering of the priming coat indicate that the 
coating has deteriorated. However, because of its thickness it may 
continue to be helpful by isolating the pipe from the soil for several 
more years. The thin coatings (D, E, F, J, and K) have definitely 
deteriorated and are probably of little further use. Most of these 
coatings showed evidence of breakdown on earlier examinations. 
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TABLE 37.—Condition beneath nonmetallic coatings exposed for 9 years 


[Figures indicate depths of maximum pits in mils] 
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i, —_ poser tat P, definite pitting but no pits greater than 6 mils. 
H, pipe punctured, 145+- mils. U, no corrosion. 
M, metal attack—pipe roughened by corrosion. D, pipe destroyed by corrosion. 
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* Severe uniform corrosion; no reference surface; impossible to measure true penetration. 
b The number in parentheses after the pit depth indicates that 1 or both specimens was punctured in the 
previous removal indicated by the number, (5) indicates that the pipe was punctured after 5 years, etc. 


COATINGS EXPOSED FOR 4 YEARS 


Five different nonmetallic coatings were buried in 1937. All of 
these coatings were of the phenol-formaldehyde (Bakelite) type with 
the exception of one which was of the polyvinyl chloride resin 
(Koroseal) type. All the coatings were applied to pipe about 12 
inches long and 1% inches in diameter. The descriptions of the 
coatings follow: 

Coating L.—T wo coats of a Bakelite varnish followed by two coats 
of another type of Bakelite varnish, each coat being baked after 
spraying. It appears as though the baking resulted in a fusion of the 
separate layers. Thickness, 7 mils. 

Coating M,.—Two coats of a Bakelite primer followed by two coats 
of a Bakelite chemically resistant aluminum paint. Each coat was 
sprayed and allowed to air-dry overnight. Thickness, 4 mils. 

Coating Mz.—The same as coating M,, except that it was applied 
to 2% by 12-inch plates instead of to pipe. Thickness, 3 mils. 

Coating N.—A double layer of Bakelite-treated asbestos tape, the 
second layer overlapping the first, which was made to adhere to the 
pipe and to the first layer of tape by the use of an anticorrosive resin 
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compound. A final protective coat was used over this tape, cop. 
sisting of a spray coat of the same Bakelite chemically resistgy; 
aluminum saad an used on the M, specimens. Thickness, 32 mils 

Coating P.—A fabric coated on one side with Koroseal to an oye. 
all thickness of 0.03 inch. The fabric was wrapped spirally on th 
pipe under tension with the Koroseal next to the metal and the 
painted with two coats of Koroseal solution applied hot. Thicknes 
33 mils. 

Table 38 shows the condition of the metal beneath the coating, 
and table 39 gives a summary of the behavior of the specimens in qlj 
the soils. Two coatings remained unaffected at one test site. Corp. 
sion had started beneath the other specimens. The failures of the 
Bakelite coatings were usually accompanied by blistering. The fail. 
ure of the Koroseal coating is characterized by a deterioration of 
the fabric to which the Koroseal was applied. Accelerated corrosion 





in some soils was observed at places beneath the fabric in the Keroseal. 
coated specimens. This is shown in figure 19. € 
60.- 
3. COATINGS EXPOSED FOR 2 YEARS 61... 


In 1939 two types of coatings were buried at 14 of the test sites and Hi” 
and additional coating was placed at four of the sites. The following: i ®.- 
is the maker’s description of these coatings: H. 

R.—A blue basic lead sulfate phenolic resin varnish paint consisting 
of two coats of the following composition: 


Basic lead sulfate in raw linseed oil (90% pigment) _______- 100 lb. @ 
Lampblack in raw linseed oil (2% pigment)-_._._____--- 3 lb. “1 
Chinawood oil 100% phenolic resin varnish (33 gallon 69 
1 PAREE GP: eat seciee = 2° a ae em ase Ae 9 UEP AY aap er Ye Py 23. 9 Ib. - 
(een an ne NS ad ee a es 0.0055 in. i 


S.—Plastic made of pure vegetable gum base with nondrying oils 
and asbestos fiber applied cold. Shielded by a spiral wrap of in- 
pregnated cotton fabric. Thickness, 0.044 inch. 

T. Thiokol sprayed on; thickness, 0.035 inch. Two specimens of fo 
each type were removed from each soil in 1941. Table 40 shows the 3 = 
condition of each coated pipe after an exposure of 2 years. Only one 
specimen showed no sign of corrosion. 
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T,pLE 38.—Condition of metal beneath the Bakelite and Koroseal coatings exposed 
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* Poor bond between pipe and coating. 








196 Journal of Research of the National Bureau of Standards 


TABLE 40.—Condition of coated pipe exposed for 2 years 
{A number indicates the maximum pit depth in mils, 


M, metal attack, pipe roughened by corrosion. 

R, pipe rusted. 

P, definite pitting but no pits greater than 6 mils. 
U, no corrosion. 
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The blue basic lead sulfate coating R, blistered and became scaly. 
There was little adhesion between the plastic coating S and the pip. 
The entire surface of each pipe coated with the plastic rusted. Sal 
indented and adhered to the coating. In most soils the coating 
appeared to have rotted. 

On each specimen of Thiokol-coated pipe there was a network of 
fine cracks, which usually did not permit water to reach the pipe. I 
a number of cases the coating was chipped, possibly by the formation 
of rust beneath the coating. 


X. SUMMARY 


This report deals with the conditions of a large variety of ferrou 
and nonferrous materials and a considerable number of metallic ant 
organic coatings exposed from 2 to 9 years to 14 corrosive soils. The 
primary purpose of the tests was to assist manufacturers in obtain 
data on the effectiveness of their corrosion-resistant materials with 
respect to corrosive soils and to aid them in the development of bette! 
materials. : ' 

Although the addition of small percentages of certain alloying 
elements improves somewhat the resistance of ferrous alloys to some 
soil conditions, the improvement cannot be considered significatl. 
Ferrous materials must contain very considerable quantities ¢ 
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nickel, chromium, or other elements if they,are to withstand the 
sction of severely corrosive soils. The behavior of 4- to 6-percent- 
hromium steel plates exposed 4 years is in agreement with the be- 
avior of 5-percent-chromium steel tubes exposed 9 years in that 
ower loss of weight and deeper pitting were observed in comparison 
with plain steel. 

Under most corrosive soil conditions, copper and alloys high in 
opper are very resistant to corrosion, and the corrodibility appears to 
crease With the amount of zinc in the alloy. Since dezincification 
plays an important role in the corrosion of brasses, weight losses 
and pit-depth measurements do not give a true estimation of the 
extent of corrosion taking place in some of the brass specimens. 

The addition of 0.08 percent of arsenic to Muntz metal did not 
prevent dezincification. 

Bursting and crushing tests indicate that asbestos-cement pipe 
rained somewhat in strength after exposure to the soil for 4 years. 

The two lead alloys corroded at about the same rate as chemical] lead. 
he extent of corrosion on the lead-coated specimens indicates that 
2» lead coating of any reasonable thickness can not be considered 
satisfactory for use in corrosive soils. 

A coating of tin over copper gave little protection over a period of 


4 years. 


Several experimental coatings greatly reduced corrosion over periods 
of from 4 to 9 years. Among these are a vitreous enamel, two thick 
ubber coatings, a thick molded coating of china-wood oil and mica, 
and a thin baked-on Bakelite coating (4 years). 

The thin coatings, of which there were several, reduced corrosion 
but showed distinct signs of deterioration and cannot be considered 
ndequate for severe soil conditions, 
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REVISED RESULTS OBTAINED WITH CERTAIN DEHY- 
DRATING AGENTS USED FOR DRYING GASES 


By John H. Bower 





ABSTRACT 


This paper is a revision of a former paper, and as a result of further study, it 
includes two revised values. New samples of anhydrous magnesium perchlorate, 
pr Anhydrone, silica gel, and alumina were obtained and tested for dehydrating 
ficiency. ‘The method used was similar to that described in the earlier paper, 
xcept that a drying tower replaced the U-tube and each desiccant was tested 

parately. No change of efficiency value was obtained with anhydrous magne- 
jum percholorate, but new values for silica gel and alumina were found and 
eplace the values originally given. 





Following the publication of an earlier paper,' claims were made 

hat certain of the desiccants that were tested were not truly repre- 
bentative. 
Upon investigation, it was decided that three desiccants should be 
etested, namely silica gel, activated alumina, and anhydrous mag- 
hesium perchlorate. The procedure of testing the desiccants was 
similar to that originally used, except that a drying tower was substi- 
uted for a U-tube. The drying tower was 300 mm in height and was 
provided with inlet and outlet tubulatures and a ground-glass stopper 
or closing the top. 

The silica gel used in the first tests was a commercial product passing 
h No. 60 United States Sieve and retained on a No. 200. It was 
— by heating in the U-tube at 110° to 130° C, in vacuum, for 
p hours. 

The gel used in these tests was furnished by the Davison Chemical 
orporation, Baltimore, Md., and was marked 6956-160 (6-16 mesh). 
it was prepared for use in two tests by heating in the drying tower at 
175° to 190° C for 4 hours while passing through it air dried by 
phosphorus pentoxide. In the remainder of the tests the silica gel 
was heated in an open vessel at 170° to 190° C for 4 hours and then 
uickly transferred to the drying tower, which previously had been 
heated at 105° C for several hours. The tower was immediately 
losed with the glass stopper; the other outlet was open to a phos- 
phorus pentozide tube. When cool, the lower cutlet was closed, and 
he tower was installed in the constant-temperature cabinet. 

The alumina used in the first tests was a commercial product known 
ss Hydralo. It was activated by heating in the U-tube at 150° to 


'BS J. Research 12, 241(1934) RP649. 
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180° C for 6 hours while passing through it air dried by phosphor 
pentoxide. 

The alumina used in the last tests was furnished by the Aluminy 
Ore Co., East St. Louis, Ill., through the cooperation of R. B. Derr. 
the Aluminum Company of America, Pittsburgh, Pa., and wy 
marked Grade A (8-14 mesh). The material was activated by heatiry 
in an open vessel at 175° to 200° C for 4 hours by the same pn, 
cedure used with the silica gel. 

The anhydrous magnesium perchlorate (Mg(ClO,).) was obtained 
from the chemical storeroom of the National Bureau of Standards anj 
was approved personally by the manufacturer. 

The new results obtained with silica gel (0.006 ml of residual wate 
per liter of air) show a higher degree of efficiency than was preyi. 
ously obtained (0.03 mg/liter of air). 

Similarly, the new results obtained with activated alumina (0,00) 
mg of residual water per liter of air) show higher efficiency than wa 
indicated by the original tests (0.005 mg/liter of air). 

In the case of the anhydrous magnesium perchlorate the ney 
results duplicated the old results (0.002 mg/liter of air). 

Apparently, the silica gel and the activated alumina used in th 
original tests were not representative of products most efficient % 
drying agents. 

Vowerer, attention is called to the fact that for adsorption dryiz 
agents, it is quite natural to find varying degrees of drying efficiency 
with different lots of the same agent, depending on details of manv- 
facture and subsequent treatment. 

The new values are incorporated in table 1. 


TABLE 1.—Comparative efficiencies of various dehydrating agents 








ont eat Total volume ; 
Material = milli- of air per Residual water per liter of | Values from publisha 
? P milliliter of i data * 


liter of 
desiccant desiccant 





ml Liters mg/liter 
CuSO, (anhydrous) -| 36 to 50_-_- 1.7 at 30° C (7). 
CaCl; (granular) --.-| 66 to 165_- 
CaCl (tech. anhy.)_| 115 to 150. 
ZnCl}, (sticks) .......| 120 to 335. 
Ba(ClO4)3_ = (anhy- | 26to36__-_. 

drous). 

NaOH (sticks). -.._.| 75to170._- 


0 
6 
4 st . 
0 0.95 at 30° C (4). 
2 
2. 

CaCly (anhydrous) .} 75 to 240_-_| 1. 
4. 
3 
2 
1 
7 
2 
5 


0.29 at 27° C (19). 


0.16.at 25° C (2). 
0.36 at 25° C (3). 


( (20). 

(0.010 to 0.017) 0.002 at 25° C (2). 

(0.002 to 0.01) 
0.005 at 25° C (10). 


( 
( 0.2 to 0.3 at 25°C (7 
( (20). 


36 to 63....| 5.6 to 6.2..._| 0.001 (0.0008 to 0.0012)>____| 0.003 at 25° C (7). 
64 to 66.__.| 10.6 to 25... .| 0.00065 (0.0006 to 0.0008)....| Jess than 0.0003 st 
“ordinary temper 
ture’’ (5). 


50 & by bx do 
Boa 


g 


-| Mg(Cl04)3.3H20___| 65 to 160__- 
KOH (sticks) 55 to 65__-- 
...| Silica gel 4 
-| CaSO, (anhydrous) - 
CaO 60 to 90 


a sods 
Mg(ClO4)3 «(anhy- | 43 to 53__-- 
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® See literature references cited in the earlier paper. 
> Revised values. 


WasHincton, May 11, 1944. 





_§, DEPARTMENT OF COMMERCE NATIONAL BuREAU OF STANDARD 
RESEARCH PAPER RP1604 


art of Journal of Research of the National Bureau of Standards, Volume 33, 
September 1944 





——————————— 


STRESS-CORROSION TESTS OF BRIDGE-CABLE WIRE 
By Rolla E. Pollard 


ABSTRACT 


Stress-corrosion cracks were produced in several statically stressed specimens 
of cold-drawn wire from the Portsmouth Bridge and in one specimen of heat- 
treated wire from the Mt. Hope Bridge by immersion in dilute nitrate solutions. 
No cracks were produced in the cold-drawn Mt. Hope replacement wire after long 
exposure. No cracks were produced by immersing similar specimens in more 
corrosive media such as distilled water or dilute ammonium sulfate or in inhibitive 
solutions such as dilute ammonium nitrate or dilute sodium hydroxide. The 
results conform, in this respect, to the selective corrosion theory of intercrystalline 
attack. However, due to the limited amount of materials pone § their incompletely 
known history, the effect of such factors as composition, fabrication and heat 
treatment of the steel could not be determined. 


CONTENTS 


I. INTRODUCTION 


The National Bureau of Standards received in August 1940 a number 
of samples of bridge wire taken from the cables of the General U. S. 
Grant Suspension Bridge over the Ohio River at Portsmouth, Ohio. 
These cables were 7% in. in diameter under the wrapping, and each was 
made up of 1,458 ungalvanized wires of No. 8 gage in three parallel- 
wire strands. The choice of ungalvanized wire was based on the 
previous satisfactory performance of similar wires in other bridges over 
periods of 20 to 50 years’ service [1] }. 

_ After about 12 years of service a number of breaks were discovered 
in the Portsmouth bridge cables, most of them at the anchorage shoes, 
and they were replaced by cables made up of galvanized wire. [2] 

Some of the broken and unbroken wires from the old cables had 
previously been subjected to tensile tests and microscopic examination 
at the Carnegie Institute of Technology. [3] In this report it was 
concluded that ‘‘on the basis of these tests on samples submitted . . . 
the wire, where not corroded should be satisfactory for this service.” 

“Of the corroded specimens examined, only those at the anchorage 
shoes seem dangerously brittle. At these locations, the wire appears 


' Figures in brackets indicate the literature references at the end of this paper. on 
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to have been subjected to a combination of stress and corrosiq, 
resulting in stress-corrosion cracks. Specimens from other location: 
in spite of corrosion, seem as yet to have suffered no important 
terioration in mechanical properties; these latter tests have not beg 
extensive.” 

The purpose of the present investigation was so make tests suppl. 
mentary to these and, particularly, to attempt to produce exper. 
mentally stress-corrosion breaks in the wire similar to those that ha 
occurred in service. 

An example of a typical service break is shown in figure 1. Thy 
course of most of the fractures was transverse to the axis of the wip 
for a comparatively short distance and then showed a decided te. 
dency to become diagonal. Figures 2 and 3 show some of the streg. 
corrosion cracks found near service fractures in the wire, as received, 
All of the cracks observed occurred in the concave side of the curv. 
ture of the wire. This side would be under tension if the wire wer 
straightened out in a cable. The cracks, like the service fracture, 
were transverse for short distances and then tended to becom 
diagonal. 


II. MATERIALS 


Twenty samples of the Portsmouth bridge wire, totalling about % 
feet in length, were submitted. The locations of the samples as re. 
moved from the cables are given in table 1. The wire was 0.162 in, 
in diameter, ungalvanized, and had been cold-drawn to a specified 
minimum tensile strength of 220,000 Ib/in?. 


TaBLE 1.—Locations of samples of wire as removed from the cables 








Location | Number 


in cables | of wires Approximate length Remarks 


Group number 





(ong. -| Broken at one end. 
OMU... 


KBUE_ 


0. 
Broken at both ends, 
Do. 


vet 


cocooweoo* * 


KBUI._. 


ety ty tate BD ey tae 


—~ FF OF OF OF OF Ct CF mn en ct CF 


Do. 
Broken at one end. 


KBU.. 
Broken at both ends. 


KBDL.. 


CORD COM ARO BORD 
ee Or OM RD OO RE eR 


ee en ee 


Do. 
Broken at one end. 





8 














0, Ohio end; K, Kentucky end; M, main span; B, backstay; U, upstream; D, downstream; EZ, exterit 
strand; J, interior strand; L, lower strand. 





The range of composition reported by the Carnegie Institute 0! 
Technology is given in table 2. This table also gives the results 0! 
analysis of a sample wire of group III, table 1, submitted to the Ne 
tional Bureau of Standards. 

Several years ago an investigation of the failure of the heat-treated 
Mt. Hope Bridge cable wire was made at this Bureau by Swanger and 
Wohlgemuth [4]. Tests were also made on samples of the cold-draw2 
wire used to replace the heat-treated wire in the Mt. Hope Bridge cables 
Both the original and the replacement wires were hot-dip galvanized. 
A few samples of both materials were included in the tests, eithe 
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stripped or as galvanized, for comparsion with the ungalvanized, 
old-drawn Portsmouth Bridge cable wire. The compositions of the 
{t. Hope materials are included in table 2. 


TABLE 2.—Composition of materials 








Composition 





Material 


Cc Mn P Si 











% % % | % % 
Portsmouth (range offouranaly- | 0.69 to 0.84) 0. 56 to 0. 81/ 0.008 to 0. 014) 0.031 to 0.037] 0.03 to 0. 14 
ses reported by Carnegie In- 
stitute of Technology). 
Portsmouth (sample from group . 83 53 008 029 14 
Ill, table 1, submitted to Na- 
tional Bureau of Standards). 
Mt. Hope, heat-treated (Speci- .70 to . 80 
fication requirements). 
Mt Hope, cold-drawn . 67 4 - 025) . 036 




















All of the samples of the Portsmouth wire, as received, had assumed 
a curvature which presumably was approximately that to which it 
had been coiled in the mill. The radius of curvature varied from 
10.0 to 12.3 in. 

The heat-treated Mt. Hope wire was practically straight, while the 
radius of curvature of the cold-drawn replacement wire of the Mt. 
Hope Bridge varied from 23.1 to 24.8 in. 

Because of the limited amount of material available, no tensile 
tests were made. The tensile properties previously reported [3, 4] for 
the materials are given in table 3. 


TaBLE 3.—Tensile properties of materials as reported in references [3] and [4] 








Tensile Yield 
strength strength 


Reduction 


Elongation of area 





PORTSMOUTH WIRE 





jin. in. Percent 
y 61.7 
242, 000 0.5 





MT. HOPE, HEAT-TREATED-WIRE 





196, 200 
180, 100 
© 189, 800 





MT. HOPE, COLD-DRAWN WIRE 





226, 000 193, 300 7. 
216, 000 178, 200 6. 
223, 000 © 182, 600 46. 

















* Stress required to produce extension of 0.75 percent. 
4 ve gage length. 

TOss requi 
rity = Ted % produce extension of 0.7 percent. 
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III. STRESS-CORROSION TESTS 


Stressed specimens of the several materials were subjected to op. 
rosion by immersion in distilled water and approximately 0.01 y 
solutions of ammonium nitrate, ammonium nitrite, sodium hydroxid, 
ammovium sulfate and sodium nitrate. These solutions were selectej 
because of their possible occurrence in the rain or ground waters tp 
which parts of the bridge cables may have been exposed in servic 
The concentrations used, corresponding to 640 to 850 parts per mil. 
lion, were considerably higher than those usually encountered in raip 
or in ground waters. It is possible, however, that solutions of cop. 
parable concentration could be built up by evaporation of moistuy 
from weaker solutions trapped in anchorage pits or within the cab 
coverings. The solutions were renewed once a week. During th 
week the volume of each solution usually was reduced by 10 to % 
percent, depending on the weather. The concentration of the soly. 
tion, of course, varied inversely as the volume during this time. 

Specimens of the several bridge-cable wire materials were statically 
stressed by changing the curvature of the wire. In most cases the 
specimens were bent to smaller radii calculated to produce stresses ¢f 
given magnitudes and held in that position, as illustrated in figure 4. 
By twisting the loop of small wire around the ends of the bridge wire 
the length of the chord could be reduced to the calculated dimension 
within the accuracy of measurement—about 0.1 in. Specimens of 
this type are referred tc in this report as ““‘bowed”’ specimens. 

The change in extreme fiber stress produced by changing the curvs- 
ture of the wire was calculated by use of the formula 


S= Er (1/R,—1/R)), 
where 
S=maximum change in fiber stress in pounds per square inch; 
E=modulus of elasticity (29,000,000 Ib/in.’) ; 
r=radius of wire, in inches. 
R,=radius of curvature before bending, in inches. 
R,=radius of curvature after bending, in inches. 

According to this formula, the Portsmouth wire, which, as received, 
was curved in coils 20 to 25 in. in diameter, would be subjected to 
extreme fiber stresses exceeding 200,000 lb/in.? merely by straightening. 
Accordingly, some specimens of this wire were constrained in 2 
straight position by attaching the ends to a piece of wood, the middle 
one-third of which had been partially cut away, as illustrated 
figure 5. The ends were protected by very heavy coatings of molten 
tar before immersion in distilled water, the only corrosive medi 
used with this type of specimens (referred to hereafter as “straight” 
specimens). The tar afforded a protection to the ends of 
the specimens, as may be seen in figure 5, which was taken after 
the completion of the test. 

The ends of the bowed specimens were protected by asphalt paint 
to about 1 in: below the water line during immersion. However, 
the paint blistered and peeled off rapidly near the water line, and it 
was necessary to repaint these areas after a few months, 
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IV. TEST RESULTS 
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A tabulation of the specimens used, the maximum stresses to 
vhich they were subjected, the solutions employed, the exposure 
veriod and a brief summary of the test results are given in table 4. 








TaBLE 4.—Conditions of stress-corrosion tests of bridge-cable wire 























* Straight specimens—all uthers were bowed. 


. Approx- Expo- 
specimen | Source of bridge-cable | "jriate | Corrosive medium | sure Remarks 

designation wite stress period 

lbj/in.2 Months 
s Portsmouth bridge...-| 146,000 | Distilled water-_-.-- 40 | Severe corrosive attack, 
ot no stress-corrosion 
no failures. 
Mae, Ve SSRs 2 a ee 40 Do. 

WEBI S a, Sects We siciakeetan ane 190, 000 |_.--. 0icasnanshocn ae 40 Do. 

wen ae PEE Tare { OG ditwicsidinab ok 40 Do. 

eet Mt. Hope _ Bridge | 182,000 |.----. RE ORE 40 Do. 

(heat-treated). 

b H3.- th all Ri cid. -icceadabioes 178, 000 |..--- Bits hand detip-otl 40 Do. 

eas Mt. Hope _ Bridge , Gen f..... iininabunate 40 Do. 
(cold-drawn). 

| AI, Paces EARS a 182, 000 j_...- iiidinnensnchelinn 40 Do. 

eee Portsmouth Bridge--.| 216,000 |_.--- | Re 40 Do. 

82. <pedeie one aakaa 214, 000 |__-.. Os. ccsemidaingen 40 Do. 

RR BSS EES: aS 216, 000 |__--- cose ee unas 40 Do. 

TURES ES RSE pee pe he aa 210, 000 |__-.- RAE py aera 40 Do. 

ae Ae PR REAP Da ee ,000 | 0.01 N NHiNOs3----- 8 | Cracks, 6 months; failed, 
8 months. 

ets LR id cans mata acets 165,000 | .01 NNHsNOsz....- 7 | Cracks, 6 months; failed, 
7 months. 

Ree PN Py CEL LE apie eros 185,000 | .01 N NH«NOs3.---- 7 | Cracks, 6 months; failed, 
7 months. 

ok eae | eee A Be 2 199,000 |. .01 N NH4NOs3.---- 6%] Cracks, 6 months; failed, 
64 months. 

*H2.. _| Mt. Hope Bridge | 183,000 | .01 NNH«NOs3.---- 5 | Cracks, 344 months; failed, 

(heat-treated). 5 months. 

| WRG Ree POS RR MA See 184,000 | .01 N NH«NOs.---- 3914} Severe localized pitting, no 
cracks, no failure. 

ere” Portsmouth bridge..._| 144,000 | .01 N NH«NO;--.-- 31 | Practically no _ corrosive 
attack. Discontinued be- 
cause of difficulty in ob- 
taining and keeping the 
NHiN 0; reagent. 

Re oe ABs i. ccc n ntmaagdh 162,000 | .01 N NH«NO:z.---- 31 Do. 

EEE (ho REAR AT SER 185,000 | .01 NNHsNO3..--- 31 Do. 

earn RENE he EA ER Se 206, 000 .01 N NHiNOsz.---- 31 Do. 

PS, ea ET RE EES 150,000 | .01 N NaOH..-..-- 36 | Practically no corrosive 
attack; no cracks, no 
failures. 

RR, le RARE et peer 165, 000 .01 N NaOH .-_----- 36 Do. 

| RESELL Ee | eS ete BE FES TSF 181, 000 .01 N NaOH..----- 36 Do. 

_ RE ER RE BITE 196, 000 1 N NaOH...--.- 36 Do. 

Fiaiciuetes FEE RR URE ORLE SE 149, 000 01 N (NH4)2804..-- 31 | Remarkably uniform cor- 
rosive attack, no cracks, 
no failures. 

SS ES ce eRe eee erp 163,000 | .01 N (NH,4):S0O.--- 31 Do. 

_ EE © BRT EARS 2 186,000 | .01 N (NH4)2S80¢-_-- 31 Do. 

_ ERED, UR? | SSL E Ca gee 201,000 | .01 N (NH4):804.-- 31 Do. 

Ds stan wtyiaebmatetal Yee ee 144,000 | .01 N NaNOs-_----- 9% alee. at deep pit, no 
cracks. 

Ore ates SS. ies 163,000 | .01 N NaNOs--.--- 7 | Cracks, 3 months; failed, 
7 months. 

et ERM DO k ii See 182,000 | .01 N NaNOs-_--.-- 3%! Cracks, 3 months; failed, 
3% months. 

eg ee wig Bee od ate 207,000 | .01 N NaNOs-_----- 344] Cracks, 2}4 months; failed, 

: 3% months. 

ites tenn. et DER he PR 140,000 | .01 N NaNOs------ 4 | Cracks, 34% months; failed, 

é 4 months, 

Bivcciesene MI ocx ees soe we 120,000 | .01.N NaNOs-_-.---- 9 | Cracks, 344 months; fail ed 
9 months. 

Pie reaeT | Re! Gc Ae 100,000 | .01 N NaNOs-_----- 13 Failed at deep pit, cracks 

So. 

Bie "Slee Se Se! 134,000 | .01 N NH«NOs.---- 5 | Cracks, 344 months; failed, 
5 months. 

Fh... cenoen te dl na eB oat 112,000 | .01 N NHiNO3.---- 4 | Cracks, 34 months; failed, 
4 months. 

en ee YN he Radia RE 90,000 | .01 N NH«NOs.---- 19 | Unbroken after 19 months. 

* Stripped. 
> Hot-dip galvanized. 








206 Journal of Research of the National Bureau of Standards 


Further details of the corrosion test results are given below: 

Distilled water.—Samples of all the materials were exposed in dis 
tilled water. In bowed specimens of Portsmouth wire the stresses 
ranged from 146,000 to 196,000 lb/in’. No stress-corrosion cracks 
failures occurred in these specimens, although after immersion for 4) 
months, corrosive attack was very severe (fig. 6). The attack was ¢ 
a localized nature in that rather large irregular areas were corrode 
more severely than some corresponding adjacent areas. The edges of 
these areas were very sharply defined, and within them the corrodaj 
surfaces were comparatively smooth. In some of these localized are 
near the water line the diameter of the wire was reduced nearly 5 
percent, that is, to 0.083 in. from the original diameter of 0.162 jp 

The same type of corrosion occurred on the “straight” specimens oj 
Portsmouth wire (fig. 7), on samples of Mt. Hope heat-treated win 
(fig. 8), and on Mt. Hope cold-drawn wire (fig. 9) exposed in the bar 
state. Both the heat-treated and cold-drawn Mt. Hope wires expose 
in the hot-dip galvanized condition showed localized pitting after 4) 
months (figs. 8 and 9). 

No stress-corrosion cracks or failures occurred in any of the spec. 
mens exposed in distilled water. 

Ammonium sulfate.—Bowed specimens of Portsmouth wire immerse 
in 0.01 N ammonium sulfate for 31 months were very severely attacked 
particularly near the water line, as may be seen in figure 10. In som 
places the diameter of the wire was reduced 63 percent, from 0.162 to 
0.060 in. The corrosive attack was remarkably uniform, and the 
corroded surface was very smooth except near the water line, wher 
slight irregularities occurred. There were no stress-corrosion cracks 
or failures. 

Ammonium nitrite and sodium hydroride-—Bowed specimens 


Portsmouth wire were exposed in 0.01 N solutions of ammonium | 


nitrite and sodium hydroxide under stresses ranging from 144,000 to 
206,000 lb/in?. Both solutions proved to be very good inhibitors in 
the concentrations used. The specimens showed practically no ev:- 
dence of corrosion after exposure of 31 months in the nitrite and 36 
months in the hydroxide (figs. 11 and 12). 

Nitrate solutions.—Of the 14 bowed Portsmouth wire specimens 
immersed in the 0.01 N solutions of ammonium nitrate and sodium 
nitrate, 11 developed stress-corrosion cracks and failed, apparently as 
a direct result of such cracking after exposures ranging from 3} to 9} 
months. The appearance of such cracks before the finai failure is 
shown in figure 13. Examples of typical stress-corrosion failures are 
shown in figures 14 and 15. Longitudinal sections containing stress- 
corrosion cracks located near the fractures are shown in figures 16 and 
17 and at higher magnification in figures 18 and 19. 

As may be seen by comparison of these figures with figures |, 2, 
and 3, the cracks and fractures produced in these solutions were 
similar to those which occurred in service. In most cases the course 
of both cracks and fractures was transverse for a short distance and 
then became diagonal. Many of the cracks branched longitudinally 
in two directions. Most of the cracks were quite wide at the top and 
were filled with corrosion product. It was not readily apparent, there 
fore, whether they were transcrystalline or intercrystalline in these 
regions. In the innermost narrower parts, however, particularly after 
they had assumed a diagonal course, they were definitely intercrystal- 
line in nature, as shown in figure 20. 
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In most cases the cracks produced in the laboratory tests were 
located on the convex side of the bowed specimens, as would be ex- 
pected since this side was in tension. In two instances, however, 
cracks were also found on the concave, or compression, side of the 
bowed specimens. One of these cracks is shown in figure 21. It is 

ossible that these cracks had already occurred in service when this 
part of the wire was in tension and were present in the wire as received. 

Two of the 14 bowed specimens immersed in the nitrate solutions 
failed at exceptionally deep pits on the compression side of the wire. 
One of these failures is shown in figure 22. Other parts of the same 
wire showed no evidence of severe pitting. A section through the pit 
is shown in figure 23. This specimen also contained stress-corrosion 
cracks on the tension side near the pit, as shown in figure 24. The pit 
evidently developed faster than the cracks, however, and the final 
failure occurred at the pit. No stress-corrosion cracks were found on 
the other specimen that failed at a similar pit. 

Only 1 of the 14 bowed specimens of Portsmouth wire exposed in 
the nitrate solutions did not fail, either by stress-corrosion or because 
of exceptionally severe localized pitting. This specimen, under a 
static stress of 90,000 lb/in.?, the lowest used, was immersed for 19 
months in 0.01 N ammonium nitrate solution without failure. At the 
end of this period the specimen showed little evidence of corrosive 
attack in the central portion and only slight localized pitting near the 


water line (fig. 25). 


One bowed specimen of the Mt. Hope heat-treated wire (stripped) 
and a similar one of the cold-drawn replacement wire (also stripped) 
were tested in the 0.01 N ammonium nitrate solution. The cold- 
drawn wire did not fail after 39% months’ exposure. Severe local- 
ized pitting developed near the water line, but very little corrosive 
attack occurred in the central portion, and there was no evidence of 
stress-corrosion cracks. The heat-treated wire, on the other hand, 
developed numerous stress-corrosion cracks after 34% months and 
failed after 5 months’ exposure. This fracture was transverse all the 
way across the wire as shown in figure 26. Longitudinal sections 
through some of the cracks near the fracture are shown in figures 27, 
28, and 29. The intererystalline course of one of the cracks, particu- 
larly in its innermost part, is clearly revealed in these figures. 


V. DISCUSSION OF RESULTS 


The results of the laboratory tests strongly support the tentative 
conclusion expressed in the report of the Carnegie Institute of Tech- 
nology, that the service failures of the Portsmouth Bridge wires were 
due to the combined effects of stress and corrosion. The possibility 
of parts of the cables having been exposed to the attack of nitrate 
solutions of concentrations comparable to those used in the laboratory 
tests has been pointed out, and the results of these tests show that 
failures can be caused by the corrosive action of such solutions in com- 
bination with imposed stresses much lower than would be produced 
merely by straightening the wire. 

Intercrystalline cracks may be developed in many metals and alloys 
under certain corrosive conditions or under the combined effects of 
stress and corrosion. Some metals such as certain aluminum alloys 
and stainless steel may be subject to intercrystalline corrosion without 
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the application of stress. On carbon steels the intercrystalline type 
of corrosive attack usually is produced only when the material js gy}, 
jected to stress, either imposed or residual. Smialowski [5] has rp. 
cently reported, however, that intercrystalline penetration was 9}. 
tained in the absence of mechanical stress in a coarse-grained sof 
iron which had been stress-relieved at 850° C. After 8 hours in, 
boiling 50-percent solution of ammonium nitrate, it became so britt) 
that it disintegrated into individual grains when bent. 

Many reports have appeared in the literature on investigations of 
the intercrystalline cracking of boiler plate and also on the occurrent 
of similar failures in evaporators and other steel structures subjected 
under stress to the corrosive action of hot, concentrated nitrate 
solutions. 

Many investigators consider the ‘‘caustic embrittlement”’ of steam 
boilers to be caused by stress-corrosion. Zappfe [6], however, be. 
lieves that such embrittlement is due to hydrogen. Whether or not 
stress-corrosion is involved in the actual service failures of boilers, 
the production in the laboratory of intercrystalline stress-corrosio 
cracks in boiler plate steel has been reported many times. The re 
sults of some of the most recent investigations indicate that the ov- 
currence of such cracks is influenced by three principal factors: (1) 
the composition and corrosive action of the corrosive medium; (2) 
the presence of stress, either imposed or residual; and (3) the comp- 
sition and structural condition of the steel. 

Schroeder and his coworkers [7, 8, 9, 10, 11] produced intercrystalline 
cracks in statically stressed low-carbon steels in concentrated 
caustic solutions, particularly those containing small additions of cer- 
tain oxidizing agents, such as sodium nitrate, potassium permanga- 
nate, sodium chromate, lead oxide, and sodium silicate. They ad- 
vanced the theory that these cracks were produced by the selective 
corrosive attack of certain solutions which passivate the crystal faces 
but attack the grain boundaries. They postulate that the atoms at 
the grain boundaries are acted upon by atomic forces different on one 
side from those on the other because of the difference in orientation. 
These atoms, therefore, may be in a strained condition, which is i- 
creased when the metal as a whole is under stress. This may cause 
these atoms to be more easily removed than those in the body of the 
crystal. If the action of the corrosive medium is too severe, the over- 
all attack obscures the selective action. Severe intercrystalline cor- 
rosion occurs when the passivating action of the solution is sufficient 
to protect the crystal face but not the grain boundaries. 

Houdremont, Bennek, and Wentrup [12] tested statically stressed 
low-carbon steels of various compositions in hot, concentrated solu- 
tions containing 30 to 60 percent of calcium nitrate and 3 to 6 percent 
of ammonium nitrate. From their results they concluded that the 
production of intercrystalline cracks is strongly influenced by a critical 
structural condition of the steel, which depends not only on its com- 
position but also on its previous treatment, pérticulasly heating or 
annealing. They found that susceptibility to intercrystalline crack- 
ing decreased with higher carbon and aluminum contents and that 
completely deoxidized steels had high resistance, whereas steels 
eater in an atmosphere of nitrogen had low resistance to this type 
attack. 

It should be pointed out that most of the investigations cited above 
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were concerned primarily with the effect of hot, concentrated caustic 
or nitrate solutions on stressed low-carbon steels, such as would be 
suitable for boiler plate. Most of the a ey tong reported no 
intercrystalline cracking in solutions containing less than 25 to 30 
percent of nitrates—usually sodium, ammonium or calcium nitrates 
or mixtures of these salts. 

Very little information is available in the literature concerning the 
production of intercrystalline cracks in high-carbon steels or by ilute 
solutions comparable to those used in the present investigation. 
Schroeder and Berk [11] obtained intercrystalline cracks in statically 
stressed steel specimens by selective electrolytic corrosive action. 
The specimens were made anodes in solutions containing as little as a 
few parts per million of sodium chloride or sodium nitrate. When 
the current was properly adjusted the only evidence of general cor- 
rosion was darkening of the surface, but the specimens were deeply 
cracked or broken in a few days. They also obtained intercrystalline 
cracks in stressed steel specimens immersed for a few days in dilute 
nitric acid solutions containing manganous chloride. They consid- 
ered that the action of the manganous chloride probably was to 
catalyze the decomposition of the nitric acid, thus aiding the selective 
attack. 

The results of the present investigation are in line with the selective 
corrosion theory of intercrystalline attack. No intercrystalline cracks 
were produced either in the severely corrosive media, distilled water 
and sodium sulfate or in the pen inhibitive solutions sodium 
hydroxide and sodium nitrite. - {n the nitrate solutions the general 
attack was very slight, but intercrystalline cracks, and occasionally 
unusually severe and extremely localized pits, were produced. A 
marked difference was noted in the character of the corrosion products 
produced in the different solutions, which may have some bearing on 
the nature of the corrosive attack. In the severely corrosive media 
large amounts of loose, nonadherent rust was formed, which was 
easily removed by running tap water or by wiping with a damp cloth. 
In the nitrate solutions a thin, tightly adherent coating of rust was 
quickly formed, after which the general corrosive attack, as measured 
by the further appearance of rust, proceeded very slowly. In the 
completely inhibitive solutions, very little rust was formed. 

Because of the limited amount of material available, it was not 
possible to determine definitely whether or not there is a lower limit 
of imposed static stress below which failure of the bridge-wire samples 
would not occur. At stresses in the neighborhood of the yield strength 
some of the results were rather erratic, but at lower stresses the time 
of exposure necessary to cause failure seemed to increase considerably. 
The lowest stress at which stress-corrosion cracks were obtained 
within a reasonable length of time was 100,000 Ib/in?. It is possible, 
however, that exposure for longer periods, comparable to those which 
might occur in service, would cause failure at lower stresses. 

It should be pointed out that the stresses discussed above are the 
nominal static stresses imposed by bending the wire. Because of the 
difficulty in evaluating the residual stress in a curved wire of small 
diameter, its possible presence was not taken into account, and there- 
fore the imposed stress may not be the true stress. Cold-drawing 
operations usually result in residual stresses whose distribution is such 
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that the surface of the drawn wire is in tension. As the Portsmout) 
wire was not heated after drawing, it is probable that the convex sid. 
of the bowed specimens of this material were under some residyg| 
tensional stress in addition to the applied stress. In these cases the 
actual stress, therefore, might be considerably higher than the noming| 
applied stress. The surface of heat-treated wires might be either jp 
tension or compression, depending on the rate of cooling. As the 
heat-treated Mt. Hope wire was both tempered and hot-dip galvan. 
ized, it would be expected that any residual stress resulting from 
quenching would be largely relieved. Similarly, hot-dip galvanizing 
would act as a stress-relieving treatment for the cold-drawn Mt. Hop. 
wire. In these cases it is probable, therefore, that the applied stress 
was very nearly the true stress. 

The same concentration of solution 0.01 N, was used in all the tests, 
The possible effect of variation in solution concentration on the con- 
bined effect of stress and corrosion, therefore, was not determined, 
Further study of the effect of other corrosive media, particularly dilute 
sodium chloride solutions, such as might be encountered in marine 
exposures, would seem to be desirable. 

Very little information can be gleaned from the results of the present 
investigation in regard to the effect of the composition and structural 
condition of the steel on the formation of stress-corrosion cracks. It 
is true that of three wire materials of very similar composition, one 
cold-drawn and one heat-treated developed cracks, whereas the other 
cold-drawn material did not. However, because of the limited number 
of specimens, particularly of the two materials last-named, no definite 
deductions are justified. 

It is evident from a comparison of figures 28 to 33, inclusive, that 
the microstructures of the materials do not reveal the effect of any 
differences in composition, fabrication, or heat treatment to which 
their differences in corrosion behavior could be attributed. Further 
investigation under better controlled conditions would be necessary 
to determine the effect of these variables. 


VI. SUMMARY 


Static stress-corrosion tests were made on samples of cold-drawn 
Portsmouth Bridge cable wire and on a few samples of heat-treated 
Mt. Hope Bridge cable wire and the cold-drawn wire used in the 
replacement cables of the Mt. Hope Bridge. 

Stress-corrosion cracks and failures were produced in nearly all the 
samples of Portsmouth wire and in one sample of heat-treated Mt. 
Hope wire by immersion in 0.01 N solutions of ammonium or sodium 
nitrate. 

The production of these cracks in the laboratory under conditions 
similar to those which might have existed in service confirms the 
previous tentative conclusion that service failures of the Portsmouth 
Bridge wires were due to stress corrosion, and demonstrates the pos- 
sible manner of their formation. 

Stress-corrosion cracks were not produced in more corrosive s0ll- 
tions, such as distilled water or ammonium sulfate, nor in completely 
inhibitive solutions, such as ammonium nitrite or sodium hydroxide 
(all solutions 0.01 N). The lowest value of imposed stress under 
which stress-corrosion cracks were found in the Portsmouth wire was 





Outh 
Side 
idual 
3 the 
ninal 
er in 
» the 
van- 
from 
izin 
ies 
tress 


ests, 
“0m- 
ned, 
ilute 
rine 


sent 
ural 
eR 
one 
ther 
aber 
nite 


that 
any 
hich 
ther 
sary 


awn 
ted 
the 


the 
Mt. 
um 


ons 
the 
uth 
)08- 


jlu- 
ely 
ide 
der 


vas 





Stress-Corrosion Tests of Bridge-Cable Wire 211 


100,000 lb/in?. No account was taken, however, of the possible pres- 
ence of residual stress, and the imposed stress probably was not the 


true stress. : ‘ : 
No stress-corrosion cracks were produced in a statically stressed 


specimen of cold-drawn Mt. Hope replacement wire exposed in one of 
the nitrate solutions, although this material was similar in composition 
and physical properties to the Portsmouth wire. 

A more complete study of stress-corrosion cracking in dilute solu- 
tions would seem to be desirable, particularly if carried out under 
conditions where variables such as residual stress could be controlled 
and the effect of such factors as composition, fabrication, and heat 
treatment of the steel determined. 
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Figure 1.—Exvample of service fracture of Portsmouth bridge wire, as received. 


Broken end of wire from group II], table 2; «3 





2.—Stress-corrosion crack near service fracture of Portsmouth bridge wire. 


Longitudinal section, as received. Unetched; 100. 
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FIGURE 3.—Stress-corrosion cracks near fracture of Portsmouth bridge wire 


Longitudinal section, as received. Unetched; 109. 





FicurE 4.—Example of ‘“bowed’’ bridge wire specimens tested under static stress 
various corrosive media; 1/4. 
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FicurE 5.—Ezxample of ‘‘straight’’ specimens of bridge wire tested under static 
stress, in distilled water; * 1/4 








FicuRE 6.—Bowed” specimen of Portsmouth bridge wire after immersion for 40 
months in distilled water. 


Note the e, nonuniform corrosive attack. The specimens were designated 1, 2, 3, and 4 from top to 
bottom; X1/2. 





Journal of Research of the National Bureau of Standards 














Figure 7.—‘‘Straight” specimens of Portsmouth bridge 
months in distilled water 


The corrosive attack was severe and nonuniform. The specimens were designated 81, 
top to bottom; 


Figure 8.—‘‘ Bowed” specimens of heat-treated Mt. Hope bridge wire after imm 
for 40 months in distilled water. 


Note the severe, nonuniform, corrosive attack. Specimen 3, top, was hot-dip galvanized. Speci 
No. 1, bottom, was stripped; 1/2 


Figure 9.—‘‘ Bowed”’ specimens of cold-drawn Mt. Hope bridge wire afte 
for 40 months in distilled water. 


Note the severe, nonuniform corrosive attack. Specimen 7, top, was hot-dip galvanized 
; bottom, was stripped; 1/2. 
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FicurE 10.—‘‘ Bowed”’ specimens (Nos. 17, 18, 19, 20, top to bottom) of Portsmouth 
bridge wire after rmmersion for 31 months in a 0.01 N solution of ammonium 


Fa 
sullate, 


he corrosive attack was severe but very uniform. A sample of the wire as reccived is shown below to 
demonstrate the reduction in diameter due to corrosion; 1/2. 


“Bowed” specimens (Nos. 9, 10, 11, 12, top to bottom) of Portsmouth 
e after immersion for 31 months in a 0.01 N solution of ammonium 


is almost completely inhibitive and the samples show no evidence of corrosive attack; 1/2 
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Figure 12.—‘‘ Bowed” specimens (Nos. 13, 14, 15, 16, top to bottom) of Portsmouth 
bridge wire after 36 months’ immersion in a 0.01 N solution of sodium hydroxides 


The samples show no evidence of corrosive attack; 1/2. 


FIGURE 13.—Appearance of stress-corrosion cracks in a ‘‘bowed”’ specime? 
of Portsmouth bridge wire prior to failure. 


The cracks appeared after 6 months of immersion, under static stress, in a 0.01 N solution of 
nitrate; 3. 
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Figure 14..-Appearance of stress-corrosion fracture of ‘‘bowed”’ specimen 8 shown 
in figure 13 after 642 months immersion; X 3. 


15, 


Stress-corrosion fi acture of ‘*howed”’ specimen 22 of Portsmouth bi idge 
er ummersion for 7 months in a 0.01 N solution of sodium nitrate; 


’ 


> 


ov. 





Journal of Research of the National Bureau of Standards Research Paper |4)j 


Figure 16.—Longitudinal section showing cracks near the stress-corrosion fractur 
of ‘‘bowed”’ specimen 7 of Portsmouth bridge wire immersed 7 months in a 0.01 \ 
solution of ammonium nitrate. 


Nital etching; «12 


A a 


Figure 17.—Longitudinal section showing crack near the stress-corrosion 
of ‘‘bowed’’ specimen 22 of Portsmouth bridge wire immersed ? months in a 


solution of sodium nitrate. 


Unetehed; X12. 
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FIGURE 18.—One of the-cracks of figure 16 at higher magnification. 


Unetched; 100 


One of the cracks of figure 17 at higher magnification. 


Unetehed; 100 
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Figure 20.—Lower part of a stress-corrosion crack in a cold-drawn bridg 
(Portsmouth) to show its intercrystalline character in that region. 


Nital etching; 500. 


Figure 21.—~Stress-corrosion crack on compression side of ‘‘bowed”’ sp 
of Portsmouth wire immersed in a nitrate solution. 


It is probable that this crack occurred in service and was in the material as received. Nital et 


Lmen 





=—- tm -& 
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FigurE 22.—Failure of ‘‘bowed”’ specimen 27, Portsmouth bridge wire, at a very 
deep localized pit after immersion, under static stress, in a 0.01 N solution of 
sodium nitrate for 13 months. 


Aside from the local pit the specimen shows very little evidence of corrosive attack; 3. 


23.—Longiludinal section through deep pit of figure 22 on compression side 
of specimen 27, Portsmouth bridge wire. 
Nital etching; X12. 
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Figure 24.—WStress-corrosion crack on tension side of the same specimen shown in 
figures 22 and 23. 


The location of the crack with respect to the pit is indicated by the arrow which points out an area comm 
to both figures 23 and 24 


Figure 25.—‘‘ Bowed’? specimen 30, Portsmouth bridge wire, which did not 
’ ’ 
after immersion for 19 months in 0.01 N ammonium nitrate. 


This is the only one of 14 samples of Portsmouth wire which did not fail in stress-corrosion test 
solutions; 1/2. 


Figure 26.—Stress-corrosion fracture of ‘‘bowed’’ specimen H2, heat-tr 
Hope bridge wire immersed 5 months in a 0.01 N solution of ammoniun 
”, > 
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urRE 27.—Longitudinal section showing stress-corrosion cracks near the fracture 
of the specimen of heat-treated Mt. Hope bridge wire shown in figure 26. 


Nital etching; 12, 


FIGURE 28. -One of the cracks of figure 27 at higher magnification. 


The crack is intererystalline over most of its course. Nital etching; «100. 
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Figure 29.—Part of figure 28 at higher magnification showing the intererystalliv: 
character of the crack and the quenched and tempered structure of the material. 


Nital etching; < 100. 


Figure 30.—Microstructure of the cold-drawn Portsmouth wire (specimen No 
in a longitudinal section showing a stress-corrosion crack. 


Nital etching; 100 
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Microstructure of cold-drawn Portsmouth wire at higher magnification. 


Nital etching; «500 


SURE 32.— Microstructure of cold-drawn Mt. Hope replacement wire (specimen H6) 
a longitudinal section showing a deep corrosion pit produced by immersion for 
months in 0.01 N ammonium nitrate. 


Nital etching; 100. 
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Figure 33.—Microstructure of cold-drown Mt. Hope replacement wire at hig! 
magnification. 


Nital etching; 500 





U. §. DEPARTMENT OF CoMMERCE NATIONAL BuREAU OF STANDARDS 


RESEARCH PAPER RP1605 


Part of Journal of Research of the National Bureau of Standards, Volume 33, 
September 1944 





TRASNFORMATIONS OF THE FUNDAMENTAL EQUATIONS 
OF THERMODYNAMICS 


By Floyd Buckley 


ABSTRACT 


A substitution group for generating families of thermodynamic formulas is 
derived. The method of derivation is based upon the transformation properties 
of a “group of functions’”’ under a contact transformation. There exists a char- 
acteristic function and a “group of functions” for each representation, that is, each 
coordinate system, and to each function of the group there is an associated con- 
tact transformation which transforms the group into its equivalent in another 
representation. The invariance of the functional form of the characteristic groups 
of funetions under contact transformations is equivalent to invariance under a 
substitution group GY * on the space (HHFG)(V—S—TP). The group G *is inde- 
pendent of the representation and can be generated geometrically. 

There are four contact transformations (including the identity) a sociated 
with each representation. These transformations are equivalent, and from them 
families of equations can be found which are invariant under the group 4*. 
Other families can be found among the transformation formulae for the higher 
derivatives. 

Formulas deducible by simple operations, for example, differentiation, on the 
characteristic group of functions of a given representation provide basic forms for 
families invariant under the group G@*. The number of members in a family is 
1, 2, 4, or 8. 
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I. INTRODUCTION 


The existence of symmetry relations between certain sets of thermo- 
dynamic formulas has been recognized since the classical work of 
Gibbs. Nevertheless, Koenig [1] ‘seems to have been the first to exhibit 
these relations in the compact form of a substitution group on the 
thermodynamic functions EL, H, F, G and the variables of state V, S, 
P,T; N; The method of derivation was not given, although it 
was shown how the group can be generated from the symmetry prop- 
erties of a square. The purpose of this article is to present a deriva- 
tion of Koenig’s substitution group by making use of the transforma- 
tion properties of the fundamental thermodynamic equations. The 
transformations employed are the Cylindrical Tangential (Contact) 
Transformations studied by Lie. 

' Figures in brackets indicate the literature references at the end of this paper. 
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II. THE FUNDAMENTAL EQUATIONS 


The necessary assumptions are those given by Caratheodory (2]in 
his axiomatic development of the general theory. The following 
discussion does not require an analysis of these assumptions. Ng 
does it require a description of the methods used in establishing th, 
relation between the general mathematical structure and experiment,| 
thermodynamics, particularly the determination of the characteristi, 
function associated with a selected set of physical and chemi 
variables. It will suffice to recall that in a given description, that js 
with a given choice of variables, there exists a characteristic functioy 
Z appropriate to a given physical system, which is the solution of a 
exact differential equation of the Pfaff type: 


dZ—XdX,=0. 


Once 7 has been found, the general behavior of the system can he 
conveniently described with the aid of auxiliary functions defined i 
terms of 7 and its partial derivatives. For example, in a reference 
system (description) using V, S; N; as independent variables, al 
general thermodynamic formulas, that is, those formulas independent 
of an equation of state, are derivable from the characteristic Energy 
function, E, and the basic equations 


eee 


a; 
F=E-S> 


= OE oF _ 

G=E— Voy Sogn Ath-EL. 

The Energy function is a function only of the state of the system and 
satisfies the conditions: 


Equilibrium State___.....dEH=0 5V=0 5S=0 6N,=0. 
Reversible Process________ dE=0 6V=0 5S=0 6N,=0. 
Natural Process 6V=0 5S>0 =8N,=0. 

; sV=0 88S0 iN =0. 

The functions H, F, G are not uniquely defined, but in practical appli- 
cation the arbitrariness drops out. Legitimate operations on equt- 
tions 1 generate a collection C, of formulas valid in the description 


V, S; N,. 
III. THE PROBLEM 


Assume a new choice of independent variables V’, S’ (it will hence 
forth be assumed that the chemical variables, N,, remain unchanged), 
that is, mode of description. On physical grounds, there exists 8 
transformation, t, and its inverse, t-', such that 


(V,S)>(V'S’,) =t(V,S) 
(V",S’)>(V,S) =t71(V’,8’) 
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The new variables defined by t: 


V’=f(V,S) 
S’=g(V,S) 


are functionally independent and are therefore soluble for the old 
variables as functions of the new. 

The functions Z, H, F, G, and formulas C will transform into 
functions of the new coordinates, which will in general take on new 
functional forms. The two modes of description are completely 
equivalent and under the transformation, t, formulas must transform 
into identities in the new variables. 

Anticipating later results, let it be assumed that under the trans- 
formation, t, on the physical variables 


(V’,S’) =t(V,S) 
and the associated transformation, T, on the functions E, H, F, G: 
(E’ H’ F’ G’)=T(EHFG) 


the form of the fundamental equations remains invariant. Then it is 
clear that, under the combined transformation Tt on the comple- 
mentary sets (HHFG) and (VS), the formulas C also remain in- 
variant. The problem can be formulated as follows: If the basic 
equations of thermodynamics are written in terms of a particular set 
of physical variables of state, what transformation on the dependent 
functions and associated transformation on the independent variables, 
leave the form of the equations invariant? If it should happen that 
the combined transformations Tt constitute a group G, fundamental 
formulas will remain invariant under G. All modes of description 
associated to G are equivalent and the group G characterizes a 
fundamental arbitrariness in the thermodynamic description of all 
systems. 

The problem is analogous to that encountered in the Relativity 
Theory. It is well known that if the electromanetic field vectors 
E, H undergo a particular linear transformation and the independent 
variables (xyzt) undergo an associated linear transformation (the 
Lorentz-Einstein Transformation), the fundamental equations of the 
field remain invariant. The arbitrariness of the description (theory) 
is characterized by the Lorentz-Einstein Group, and all reference 
frames associated to the group are equivalent. 


IV. TANGENTIAL TRANSFORMATIONS 


wee general Tangential Transformation is defined by Lie |3] as 
ollows: 
“When Z, 2 Ae P, are 2n+1 independent 


functions of the 2n+1 independent quantities z, 2 
fi... . Da Such that the equation 


dZ— > P dXi=p(dz— 2 pds) 
px¥0 


Ses 





216 Journal of Research of the National Bureau of Standards 


is identically satisfied, the transformation 


2’ =Z(2,24,)1) 
x,’ =X, (2,24,D1) 
pi = P,(2,21,P1) 


is a tangential (contact) transformation.” 


The test of a given set 7, X,, P; is provided by Lie’s Theorem |3}: 
“The necessary and sufficient conditions that 


—S PdX,=p(dz—Spar) 
be identically satisfied are 
[ZX J=[XX)=[P.X)=[P:PJ=0 
[P:X]=p eIZPJ=— Pi, 
provided 7, X;, P; are functionally independent, and 


OZ OX; 
pz - DP, 


Conversely, p+~0 is sufficient for the functional independence of 7, 
YY ) 
4\4y gf 


The bracket symbol is defined by 


Gf og dg Ff 
[79] = ‘\ dz, Op; ~ dx; Opi 


The equations which suffice to determine the 7, X,, P:, p are 2n+1 in 
number. Hence there will be an arbitrary element in solution unless 
some further condition is imposed upon the system. If 7 is specified, 
the X;, Py are completely determined. The class of Cylindrical 
Tangential Transformations is defined by the restriction that the 
Xi, P; are independent of z. Application of the conditions of Lie’s 
Theorem then requires that 


Z=pz+ o(zi, Ds), 
where p is a constant. 
For the case n=3, the conditions of Lie’s Theorem are not violated 
if we choose 
Oz Oz 
z=f (ry) h=>5,=% P= 5 = 

Then 

dz’ —p,'dx’ — p2/dy’ = p(dz—2,dzx—z,dy) =0, 


and if z’ is chosen as a function of z, x, y, 22, 2, the variables p,’, pr; 
x’, y’ are determined. The transformation insures the exactness of 
dz’, and hence z’ plays the same role in the primed coordinates as 7 
does in the unprimed. 
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V. THE LEGENDRE TRANSFORMATIONS 


The thermodynamic transformations between the four equivalent 
modes of description in the sets of variables (V,S), (P,S), (V,T), (P,7) 
are related to the three Legendreian Cylindrical Tangential Trans- 
formations defined by (Z,21=0Z,/02,, etc): 


(a) LZ,=2,— Lr 
(b) Z;=1,—LiyY (1’) 
(c) L,=1,—Lyypi=a+Z;,—Zy. 


Applying the fundamental theorem, it is found that solutions for these 
cases are 


(a) LZg=2,—Zi24%1 Zo2g=11 Loy,=Ziy, 
t2= —Lyz, Y=" 
Z;=1,—Liyy Z323= Zin 


%3=7 


Z, =2Z,—Ziz,71 * Lin Ling=t1 


“= Liz 
Under these transformations: 


(2) |= 2— Lorde Liz, = —% 


t1=Lory 


(b) Z,= Z3—LasygYs 


(c) LZ, =L4—L4281— Lay Ya Lin = —% 
2 =Lz, 


It is to be observed that: 
_ 1. The form of the equation defining the Legendre function is 
invariant under the transformation. 

2, The transformations are involutory, that is, applied twice in 
succession they generate the identity transformation. 

3. The Legendre functions defining the inverse transformations can 
be obtained by a simple substitution. Thus if: 


LZ; ({Zizl, [a1|) > (Ziel, Fadl) 
(|Ziy|, lyl) > (Zay,l, ly 1) 


23,4. 


then equations 2<+3. 


The absolute values |z,\, |y:|, |Zse,|, |Zi,{ must be taken in order to 


compensate for the change in sign occasioned by transposition when 
the equations are solved in the usual fashion. 
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The three simple substitutions carrying equations 2 into 3 can also 
be considered as linear transformations on complementary sets of 
quantities. Those on %, 4, Ziz,, Ziy,, including the identity, can be 
conveniently written in matrix form. They are 


Soniye Gp here oe A ee 
| ze 


=ti 2, Z =te 


=ty 


























(1000) 


0001 
0010 
l0001) 10100) . 


The matrices tf, are operators which carry the space (m, —y:, Zi, 
Ziy,) into any of its equivalents. They also represent simple permv- 
tation operators and can be written 


where £ is the unit matrix (t,,) and the P’s are the permutations on 
the rows of E or the fundamental (1 space). 

It can be readily verified that the t, represent an Abelian group t 
of transformations isomorphic with the four element permutation 
group P(1)(2)(3)(4); P(13)(2)(4); P(1)(3)(24); P(13)(24). _ These 
groups of operators transform the equivalent spaces characteristic to 
Z,, Z2, Z3, Z,into each other. They have the multiplication tables: 


























ti; to) ts; ty; 





t: | ta ty 
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P(I) P(13) P(24) P(13)(24) 





P(13) P(24) |P(13)(24) 








| P(13) (24) 





P(13)(24) 





P(13)(24) | P(13)(24)| P(24) P(13) 




















Written in terms of the space (%:—y, Zi2, Z1,,), the permutation 
group g contains the elements 


g:= (11) (—y:) (Zi2,) (Ziy;) J. (1%Z12,) (—1) (Ziy,) 
¥3= (21) (Zi2,) (—yiZry,) >= (%:Z12,) (—y:Zry,) 


This group is isomorphic to a group of permutations on the vertices 
of a square which leave the square invariant. In the figure 
4 \ 7 
D \ a D 
\ 
x -y, 














Nin 


Zy, 
/ 


the transformations, t,, or permutation operators, g;, have the follow- 
ing correspondence to the ordinary symmetry operations 


gi=I g.=D g3:=D’ g.=R”, 


where D, D’ are reflections in the diagonal planes, R’’ is a rotation of 
180°, and I is the identity operation (except for notation this group 
comprises the V, —S, —P, T part of figure 1(a), 1(g), 1(e), 1(c) of 
Koenig’s paper). 
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If equations 1’, as a group, are considered in a standard form, they 
it is easily shown that this form remains invariant under the group of 
contact transformations, ty, provided the functions Z), Z,, Z,, Z, 
when they occur explicitly are subjected to the associated trans. 


formations 


Z Z, 
Z, Z. Z 
Zs; 3 Zs 
Zs Z Z; 


These matrices represent permutation operators on the rows of the 
unit matrix, or on the space (Z; Z, Z; Z,) 


Tu ~P(1) 2) (8) (4)=G, Ta ~P(12) (34) =G, 


The Ty constitute an Abelian group isomorphic to the permutation 
group G composed of the G;. The square 














1 
| 
| 
| 
JGR ao 
| 
: 


is invariant under the group G acting on its vertices. Relabeling the 
figure for the space (Z, Z, Z; Z,), the group elements of G in terms of 
the characteristic functions are 


G;=(Z)) (Z2) (Zs) (Zs) G==(Z,Z,) (ZZ) 

G;= (2,23) (Z.Z,) G=— (Z,Z,) (2.43) 
These elements correspond, in order, to the following symmetry 
operations: 


J=Identity. V=reflection in v. 
H=Reflection in h. R’’=Rotation of 180°. 
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and have the multiplication table: 


G, G, G; G, 





G, G; 











G, G, G; G, 


| 


The preceding results can be condensed into: 




















Theorem 1.—The fundamental equations 1’, remain invariant under 
the Contact Transformations defined by equations 2 and the associated 
group G on the Legendre transformation functions, provided absolute 
values are taken for the elements of all equivalent spaces (x,y; Z:2, Ziy,). 

The restriction to absolute values can be removed if in applying g 
and G to equations 1’, numerator and denominator of the partial 
derivatives are transformed independently, that is, formally. This 
procedure eliminates the use of the contact transformations. 

The spaces of G and g are exclusive, and hence the elements Gig, 
constitute a group Y for the combined space (Z,; Z, Z; Z,) (a, —y; 
Zz, Ziy,). Consequently, Theorem 1 can be written in greater 
generality: 

Theorem 1’.—The fundamental equations 1’ are invariant under the 
substitution group Y on the space (Z, Z, Zs Z,)(% —Yy: Ziz, Ziy,)- 

In Theorem 1’, except for notation, Y consists of elements S;, S;, 
S;, S; of the Koenig group. 

The group Y can also be generated geometrically. It is only neces- 
sary to inscribe the square for G within that for g such that the 
symmetry planes v and D, b and D’, coincide. 
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There results: 














Zuy, 


Writing out the fundamental equations 2 and associated contact 
transformations in the remaining coordinate systems, the following 
theorems are immediately evident. 

Theorem 2.—The matrix operators, T,, and t,, which, acting on 
the function and coordinate space of one representation, transform the 
fundamental equations 2 to any other representation with invariant 
form, are independent of the coordinate system. 

Theorem 3.—If ti, denotes the matrix of a Contact Transformation 
in a given representation, then the corresponding transformation for 
any other representation is given by the transform t~'t,t (or tt,t™), 
where t corresponds to the contact transformation carrying the old to 
the new representation. 

Theorem 4.—The permutation group 4%, which leaves the funda- 
mental equations 2 invariant is independent of the coordinate system. 
(Theorem 4 is a restatemet of theorem 2.) 

The invariance of the four contact transformations (including the 
identity) defined by equations 1’ under the group of linear trans 
formations, t, can be extended to invariance under the substitution 
group Y provided a supplementary rule of signs is introduced. For 
general consistency a particular equation must transform into the 
same equation whether directly under the substitution operator 9; 
or as an element of a matrix equation under the corresponding ti. 
The equation 


Lazy =% 


“ 


transforms under t,; as an element of 


on Vo 
Loz9 
- at 
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and therefore becomes 


3 
Ys 
=ty Su 
i 
Z ly} Zsvg 


(Zozg=21)—> (Z2g= Zi2). 


Before the substitution operator & can be applied to the given 
equation, the left side must be transformed into the space charac- 
teristic of G, that is, (1 space). Hence 


OZ. _ (TZ) 0(G,Z,) 


Qa, O(tnz;) O—Zin) 





where To,Z; and t,7, denote the matrix transforms of Z, and 2». 
Applying Ge. 


0Z;\_ (G,G,)Z,_2(G,Z)__ Zs __ 27s 


q ——! j— = = 
Ge OX2 saad 0(84Z12)) — Oz; —_ Ox; — Ox3 





Ga=L), 


OZ, OZ; 

Be 4 (35, =) 
which is incorrect in sign on the left side. This alternation in sign 
will always occur when the transform of x; and its conjugate 22, 
differ in sign. Hence the rule: 
| Rule of Signs.—If x, and Z;:, of a given space transform with 

opposite signs, then in transforming 7;,, by substitution, it must be 

replaced by Zi\z4). If, of course, x; and 7Z;,, transform with the same 
sign, then the rule is unnecessary, but if applied, will yield correct 
results, provided Z;,;, always transforms positive. This is in fact the 
case. There results: 

Theorem 5.—The Contact Transformations associated with the fund- 
amental equations 2 in any coordinate system are invariant under 
the substitution group Y characteristic of that coordinate system, 
provided Zyz, is replaced by 7;jz,|. (This is the origin of Koenig’s 
Rule of Signs.) 

If equations 1’ are invariant under an extended group Y*, La. 
granges’ Theorem on the decomposition of a finite group insures the 
order of this group to be a multiple of the order of Y, that is, 4. The 
order of Y* S$ 24, the order of the complete symmetric group on four 
elements, and therefore Y * if it exists, must be of order 8 or 12. The 
gp GY* will include Y and its cosets GY g,; (or g; Y), where gi= 

8 is an element of 4* not in Y and Sy, s; operate on (7; 7273 74) 
and (2;—y; Ziz, Ziy,), respectively. 


and consequently 
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Examination of equations 1’ show the basic form to be invarigy 
under the symmetry operator 


g’ =(Z)) (Zs) (Z2Zs) (ti — Ys) (Z2,Ziyy) 


which corresponds geometrically to reflection of the generating squap 
in the plane P (g’ corresponds to S, of Koenig’s group). The elemens 
of the coset Gg’ are 


Gs=F ge! = (Z:) (Zs) (Z2Zs) (1 — 1) (ZiyZi) 
G=Ge! = (1,2.2,Z23) (4 —YiZiz,Ziy,) 
G,=G Bg! = (42,222) (G4) Zy,Z2,—1) 
Gs=G & =(Z:Z4) (Zz) (Zs) Zin) (—Y:Zizy) 


They do not form a group and do not correspond to contact transforny. 
tions. They may be considered as formal symmetry operators. 


It is easily verified that the eight elements ‘7; constitute a group %' 
which leaves the generating square invariant. It is therefore is 
morphic to the Octic Group and has the multiplication table: 


G, Gs Gs 





6 
Gy 


























Gs 





























The general result can be incorporated in theorem 6. 
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Theorem 6.—The form of the fundamental equations 1’ is invariant 
nder the group 4*, and this group is the largest permutation group 


having this property. | 
An additional proof that Y* is the largest permutation group 
which preserves the standard form lies in the fact that the Octic 
roup is the largest permutation group under which the bilinear 
orm (a1-+-a2—%3—%4)? is invariant. The last of equations 1’ can 


be written 
(Z, +2Z,—Z,—Z;)?=0, 


nd this must be true under all transformations. Except for nota- 
ion, this is the bilinear form invarient under the Octic Group. 
ence the theorem. 


The matrix representatives of the new operators g; . . . gs are 

0100) (0100 (0001) (0001) 
1000] ts=/0010] ty=]1000] ts3=—/0010 
“10001 0001 0100 0100 
10 0.1 OJ 11000) (0010) L100 0) 


5 


























hich taken with those representing g; . . . gs for a group t* having 
» multiplication table in 1-1 correspondence with that of * Contact 
ransformations are transformed under these operators exactly as 
previously described. For example, the transformation defined by 


equations 2a is transformed by &Y, into 


2 1 1 
nf) sige tute sonce) es ta( space) 


hich is equivalent to 
2 4 
(space) (space) 
pace space 


the contact transformation characteristic of Z, expressed in the 
oordinates of (2 space). Similar results are obtained for other 
operators. The general result is contained in theorem: 

Theorem 7.—The Contact Transformations defined by equations 2 
are invariant under the group t* of elements ty i=1.. . 8. 
%, he preceding theorems can now be extended to the larger groups. 

us: 

Theorem 2’.—The matrix groups T* and t*, under which the funda- 
mental equations 1’ are invariant, are independent of the repre- 
sentation. 


604947—44-_6 
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Theorem 4’.—The permutation group @* which leaves the fy, 
mental equations 1’ invariant is independent of the representatioy 

Theorem 5’.—The Contact Transformations associated with 4 
fundamental equations 2 in any representation are invariant unis 
the substitution group &* characteristic of that representatig 
provided Z;,, is replaced by Z;|,,|. | 

A consequence of the invariance of the contact transformatigg 
under the substitution group Y* is the existence of characteris 
families of equations also invariant under Y*. Families hayiy 
important correlatives in general thermodynamic theory are contained 
in the following theorems. Given an equation of the form expresyj 
in the theorem, the group Y* generates the entire family, providy 
the contact transformations themselves are employed to reduce th 
symbolism. 


Theorem 8.—The family of four differential forms 
OZ.\ 7 OZ, 7 
on (9 Net (9) 


is invariant under the substitution group 4*. 
Theorem 9.—The eight member family of the form 


(2m 
Ox; — ¥ 


is invariant under the group 4*. 
Theorem 10.—The four equations of the form 


021) _ (2 
Ox; a Or; vi 


constitute a family invariant under the characteristic group Y*. 


Theorem 11.—The family of eight identities 
OZ; OZ, 


Or,OY; OY 102; 


is invariant under 4 *. 

The invariance of the fundamental equations yields theorems 12, 
13, and 14: 

Theorem 12.—The family of eight equations of the form 


7 2 oZ 


is invariant under the group 4*. 


Theorem 13.—The four equations of the form 
OZ oZ 
Z,:=Z,;—2 3c!) —4 —) 
te a "] Oy Jz; 
constitute a family invariant under the group 4*. 
Theorem 14.—The equation 


(Z, +2Z,) (Z2+ Zs) =0 
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‘nvariant under the group Y*. _ 7 
Other families of formulas invariant under Y* are deducible from 


e fundamental equations 1’ by the application of operators such 


d/da, 0/dy, d. 
he transform of a formula obtained by applying the operator O to 


ne of the fundamental equations is derived by applying the group 
nerator g, to both O and f in the equation 


Of=0. 
br example, from the equation 


OZ. 
Z:=Z;—Ys3 : 


Ys x3 
222) 88 
Z:—Z3+y3 ys yg Os 


he operator 0/Ozs yields 
) 7,—Z,4 OZ; 
oa | TaN Sy, ) a, 


nd the substitution operator GY, gives 
) 

O(trzs) 

rhere the transform t7,z7; is obtained from the matrix equation 


3  *. aa 
(sp2c0)rtatn( od sa) sh ta «nace ) : 


fz oZ 
G Zr ce Zs ote Y3 a a, = 0, 


oe 


Ons Oy. 
nd the transformed equation becomes: 


fs) OZ, 
Sylar 5), }=0. 
The reversal in order of the product of the matrices t;, and ts; in the 
ransform follows from the fact that Y* is non-Abelian and that % * 
s written in terms of (1 space). This method yields theorem 15. 
Theorem 15.—Equations of the form 


() y OZ, me | st) ($4 |=— ee a4 | 
OY, /s; OY: Ys OY} Js; Oy? 2, bhi Ox, OY; OL ,OY; 


onstitute a four-member family invariant under the substitution 


proup G *. 
Theorem 16.—The eight equations of the form 


Zi) __, (Zi) 
OY; Zi y Oy’; zi 


comprise a family invariant under the substitution group 4*. 
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Theorem 17.—The eight member family of form 
Ba -QIZ 
On; Z; Ox, Vi, OY: zy 
(22) — ,2(2%) | 
Ox; V4 Vidz, OY; 74 


22,) 
OY: dt | 


is invariant under the substitution group G*. 

Transformation formulas for the second derivatives can be obtained 
by elementary calculation from the four sets of Contact Transforms. 
tions corresponding to the four equivalent representations. They 
give the following theorems: 

Theorem 18.—The eight equations of the type 

—1 
Z3:2;=77— 
Pi Lites2, 





form a family invariant under the substitution group 4*. 
Theorem 19.—The family of eight equations of form 


A —Liy, 
ae Lizzy 


is invariant under the substitution group Y*, provided the following 
Rule of Signs is applied. 

Rule.—The conjugates Z,;,, Zi,, must be taken with absolute signs 
wherever they occur in the transform of 2z;, y; in the basic form. 
@* is expressed in (1 space). 

Theorem 20.—The eight equations of form 

Zi. —Lirye Livy 


ixqv4 


= Sa 
juguy Liss, 





constitute a family invariant under the substitution group Y*. 
Theorem 21.—Equations of the form 


Bteae 


—e 72 7, r 
Liew — Zize Livy 





L sr yz 


constitute an eight membered family invariant under the substitution 
group *. 
Theorem 22.—The four equations of the type 
) ae 


is = 
jz ig 2 f, ig 
ei Liew Zizye Zev 





form a family invariant under the substitution group G*, provided 

the Rule of Signs given in Theorem 19 is applied. 
The Legendre transformation functions characteristic of a givel 

representation are simply related to Lie’s [4] theory of a “group o 
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mnctions.” A set of n functions 7 . . . % constitute a group of 
rder nif they satisfy the two conditions: 

1. v, are algebraically independent. 

9. Every combination (v,7,) of the set is expressible in terms of the 


et and 


i Ov; Ov; Ov, 7) 
(os) . OX. Op. Ope Or; 

Any other function « which has the property that all (vw) are 
xpressible in terms of the v; belongs to the group. If all the (vm) 
re zero, then u is said to be in involution to the group and is called an 
ndicial function (ausgezeichnete Funktion) of the group. 

Lie [5] has given a number of theorems on the properties of a group 
nf functions of which the two following are of particular interest in 
onnection with the preceding results. 

Theorem 25L.—A group of functions in the variables x;, p; possesses 
puly two properties which are invariant under all contact trans- 
ormations of the form 


xi! = X;(zp) pi =P, (xp). 


[he first is the order of the group and the second the number of 
ndependent indicial functions of the group. 

Theorem 26L.—lf the r independent functions U; . .. U, in the 
ariables 2} . . . Dny Pi - - - Pn form a group of functions of order r, 
mid the functions V; . . . V,in the variables 2,’ . . . ay’, pi’ . . ~ Dn’ 
ikewise a group of order r, then there exists a contact transformation 
bf the form 


Z'=Z+4Q (zp) 1;= Xi (zp) p=P, (xp), 
ransforming U, . . . U, into the corresponding V, ... V,, if and 


uly if, every combination (U;,U;) is expressed in terms of U, .. . U, 
n the same way as the corresponding (V;Vj) in terms of the V, . . . 


It is easily verified that each of the sets of Legendreian functions: 


Zs Zi Zs 
ZL Zs LZ 
La Zs Z2 


haracteristic of the fundamental equations 1’ in the four equivalent 
epresentations, constitute a group of functions according to the Lie 
lefinition. Each group is of order three and possesses one indicial 
unction. They are 


Ly-Z,° , 24-2, ” 


es cee — hh Done Zs Zs— 
i AO, eg, | eee 


ind the set can be generated by the substitution group G on any one 
bf them. Hence theorem 23. 

Theorem 23.—The indicial functions associated with the group of 
egendreian functions characteristic of the four representations con- 
stitute a four member family invariant under the substitution sub- 
roup G of G*, 
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An elementary calculation shows that each of the characteristic se; 
given above satisfies the conditions of Lie’s Theorem 26, and hen 
are transformable into each other by a cylindrical tangential trans. 
formation. The transformations in the representation of (1 space} 
are those given in equations 2. The equivalent transformations jy 
any other representation can be obtained by applying Theorem 3. 


VI. THERMODYNAMIC FORMULAS 


_If the following correspondences are made, the preceding results ar 
directly interpretable as general thermodynamic relations. 


A=E 2=H 4,=F Z14=G 
(21,41) = (V,S) (23,Ys) _ (21,Z1y,) se (V,T7) 
(22,Y2) = (—Ziz,,91) = (P,S) (24,44) = (@2,Ys) = (P,T) 


Under this correspondence equations 1’ transform into the funda. 
mental equations 1 and the group Y* becomes identical with the 
Koenig substitution group in the representation of (1 space). The 
generating square coincides with figure 1(a) of Koenig’s paper. 

The generation of a family of f- saulas by the action of the substi- 
tution Y* on a basic form is of wuurse subject to the rules of signs 
given in the preceding section. Moreover, since a family of formulas 
can be expressed either in terms of the thermodynamic functions and 
their derivatives, or in a reduced form in terms of V, S, P, T and 
E, H, F, G, the application of a rule will be determined by the character 
of the basic form. The general result can be expressed in the theorems: 

Theorem 24.—If a basic form is deducible from the fundamental 
equations 1, or equivalent in another representation, by the action of 
an operator O followed by algebraic rearrangement, the substitution 
group Y* generates an invariant family of 1, 2, 4, or 8 members. 

Theorem 25.—lf a basic form of Theorem 24 is transformed by the 
use of the equations of the contact transformations, then the substitu- 
tion group 4* generates an invariant family of 1, 2, 4, or 8 members, 
provided one of each conjugate pair of variables in every term of the 
new basic form is enclosed in the absolute sign. 

The following table is a condensation of the theorems given in the 
preceding section on families of equations invariant under the substi 
tution group 4*. 





Origin a Equivalent basic forms 





2 2 
Theories aE-($+) av—-($3), dS=0 


dE+|P|dV—|T|dS=0 








Theorem 9 (sr Lar F. 
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— 


Origin po te Equivalent basic forms 


rT RE RR 


_ 


oF OF 
Theorem 10 4 ( 3 )=(37 i 


re ros 
Theorem 11 Vas oSoV 


O| av) -(3s)), 
Theorem 12 H=E-— (37), 


H=E+|P|V 








Theorem 13 G= E— W(39),- s($3), 


G=E+|P|V—|T7|S 


Theorem 14 (E+ @)— (H+ F)=0. 


oH rey o’G 
Theorem 15 ($7 )-($2),= -1(5 r), —($r oT? ), 


_7( AV 
=r or). (Sr), 
Theorem 16 ($7) =-1( $7: 

P 


_ mf OS] 
=1(37 } 
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Order of 


family 


Equivalent basic forms 





Theorem 18 


Theorem 19 


Theorem 20__._- 


Theorem 21 


Theorem 22____. 





_(%H 








(sr).--(ov)/(o7 
sa --(($+),- 


por 
“4 oVoT 


(37), 


a) 
RaiGe 
oF 
OT /y 








51), 


‘OH? 


sP),= “@) 


OV? 
_ OF | 
OVS , 


Gr) 
V?)s 


roe on). og 

OVOS -(or ) (os), 
So. Per ee 
oV?/s 


C4 
oS? 


(SP oe) ,= E\? 70 =). 
(Sar) - -(22)( OS?/y 


oe 
oVos 


SPS'= G Ry sor) “CrN(3), 
OSoV 


oH _ 
dSo|P| 


OS? /p 
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There are of course several equivalent expressions for a basic form 
involving second-order derivatives of the thermodynamic functions 
when expressed in terms of V, S, 7’, P. Since this paper is not con- 
cerned With providing a catalog of all such formulas they have been 
omitted. In fact, from the theoretical point of view, all formulas 
should remain implicitly contained in the general relations between 
the thermodynamic functions and their derivatives. Such a pro- 
cedure would effect a considerable condensation of necessary formulas 
without entailing excessive effort in the deduction of a required 
relation. 

Relations connecting the second-order derivatives of V, S, T, P, 
can be deduced from transformation formulas for the third-order 
derivatives of the characteristic functions. The relations are not 
complex, but there are many of them. In light of the results of this 
study, it is very probable that these equations can be grouped into 
families invariant under the substitution group Y*, thereby eliminat- 
ing an extensive catalog of formulas. 


The writer is particularly indebted to A. C. Lunn, of the University 
of Chicago, for his inspiring lectures on group theory and theoretical 
physics and to F. O. Koenig, of Stanford University, for a criticism 
of an earlier derivation of the group G. 
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